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Froth  flotation  is  used  to  beneficiate  millions  of  tons  of  metallic  and  non-metallic 

ores  annually  throughout  the  world.  Prior  to  flotation,  the  minerals  are  conditioned  with 

suitable  reagents  in  a  stirred  tank  primarily  in  order  to  ensure  that  the  collector  reacts 

properly  with  the  surface  of  the  mineral  values.  Process  upsets  and  unpredictability  of 

flotation  on  an  industrial  scale  have  been  attributed  to  poor  conditioning.  The  lack  of  a 

unifying  process  variable  has  impeded  development  of  process  control  and  automation  in 

conditioning  processes  due  to  the  inability  of  estimating  flotation  performance  during  the 

conditioning  stage. 

In  the  present  investigation,  the  flotation  characteristics  of  Florida  phosphates 
conditioned  with  fatty  acid-fuel  oil  mixtures  are  examined  for  optimum  conditioning 

xiii 


xiv 

performance  in  bench  scale  stirred  tank  conditioners.  Statistical  screening  of  conditioning 
variables  revealed  significant  effects  of  conventional  mixing  parameters,  such  as  the 
conditioning  intensity  and  the  conditioning  energy,  on  flotation  response;  however,  their 
nature  varied  with  the  feed  floatability. 

Adsorption  tests  revealed  that  the  mixing  conditions  could  be  characterized  by  the 
total  amount  of  shear  undergone  by  the  system,  represented  by  G*t,  the  product  of  the 
root  mean  square  velocity  gradient,  G  (which  required  a  knowledge  of  r|,  the  apparent 
slurry  viscosity)  and  conditioning  time,  t.  A  method  of  estimation  of  r|  during  conditioning 
was  developed  using  impeller  characteristic  curves. 

Optimum  flotation  recovery  was  attributed  to  optimum  shear  (mixing)  undergone 
by  the  system  during  conditioning,  characterized  by  G*t  value  of  1000,  which  was  found 
to  be  independent  of  the  feed  characteristics  and  a  fianction  only  of  the  operational 
conditions  (solids  loading)  for  the  mixer  geometry  used  in  this  study.  Thus,  based  on  the 
flow  properties  of  the  slurries,  a  method  was  devised  to  predict  the  reagent  adsorption  and 
subsequent  flotation  recovery. 

In  order  to  test  the  generality  of  the  method,  the  flotation  performance  of  two 
additional  phosphate  feeds  was  statistically  modeled  as  a  ftinction  of  three  significant 
conditioning  variables,  namely  the  solids  loading  during  conditioning,  the  agitation  speed 
and  the  conditioning  time.  It  was  found  that  the  optimum  flotation  recovery  for  the 
different  feeds  was  different  and  was  governed  chiefly  by  the  solids  loading  during 
conditioning.  The  optimum  solids  loading  obtained  from  the  statistical  optimization  agreed 
well  with  those  predicted  on  the  basis  of  optimum  mixing  conditions  during 


XV 

conditioning.  The  concept  of  using  mixer  geometry  to  obtain  optimum  conditions  was 
shown  to  be  useful  in  the  prediction  of  conditioning  and  flotation  performance  on  a 
bench  scale,  regardless  of  the  feed  floatability. 


CHAPTER  1 
INTRODUCTION 


Froth  flotation  is  the  most  widely  used  method  for  beneficiating  metallic  as  well 
as  nonmetallic  ores.  In  the  froth  flotation  process  for  the  recovery  of  valuable 
components  of  minerals,  the  suspension  of  the  minerals  in  water  is  "conditioned"  in  order 
to  selectively  prepare  the  surface  of  the  mineral  particles  (values)  for  flotation.  The  prime 
control  variables  used  to  monitor  the  conditioning  process  are  the  collector  dosage  and 
the  conditioning  time.  Other  parameters  such  as  the  conditioning  intensity  and 
conditioning  energy  are  reported  (Stassen,  1991,  Li  et  al.,  1960,  Karjalahati,  1972, 
Lapidot  and  Mellgren,  1968,  Mackenzie,  1970)  to  influence  the  conditioning 
performance  of  various  ores,  but  not  enough  is  known  about  their  role  in  conditioning. 
Various  parameters  such  as  the  power  per  unit  volume  (Uhl  and  Gray,  1966), 
dimensionless  numbers  in  impeller  characteristic  curves,  and  the  mean  velocity  gradient 
(Camp  and  Stein,  1943)  have  been  used  to  describe  the  mixing  of  solid-liquid  slurries  in 
sludge  conditioning  (Werle  et  al.,  1984,  Cole  and  Singer,  1985,  Novak  et  al..  1988, 
Novak,  1990)  and  shear  flocculation  (Letterman  et  al.,  1973).  Studies  on  the  effect  of 
conditioning  intensity  for  agglomeration  flotation  are  reviewed  by  Stassen  ( 1 990)  and  the 
role  of  agitation  in  carrier  flotation  are  reported  (Wang  and  Somasundaran,  1 974); 
however,  corresponding  data  for  froth  flotation  are  few.  It  has  been  shown  that 
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conditioning  energy  has  a  pronounced  effect  on  the  recovery  and  flotation  rate  of 
valuable  minerals  and  on  the  grade  of  the  concentrate  during  froth  flotation  (Rubio, 
1978,  Duchen,  1980,  Heathcote,  1984,  Duchen  and  Carter,  1986);  however,  there  has 
been  no  study,  to  the  author's  knowledge,  of  mixing  and  the  effects  therein  on  the 
reagent  adsorption  during  conditioning  and  the  subsequent  flotation  performance. 

Literature  review  of  the  conditioning  process  and  the  need  for  a  process  control 
parameter  for  the  reagent-particle  mixing  process  is  highlighted  from  a  stand  point  of 
optimization  of  the  anionic  conditioning  process,  in  Chapter  2.  The  scope  of  the  present 
study  and  the  experimental  strategy  is  described  in  this  context.  The  root  mean  square 
velocity  gradient,  G,  is  suggested  as  a  process  control  parameter  and  a  brief  summary 
that  leads  to  the  development  of  the  experimental  method  for  determination  of  G  is 
provided. 

In  the  experimental  section,  the  details  of  materials  characterization  and  the 
experimental  methods  used  in  the  study  are  described.  In  Chapter  4,  the  topic  of 
experimental  design  and  optimization  is  discussed.  Details  of  the  selection  of  the 
appropriate  experimental  design  for  the  present  work  and  analysis  of  the  design  is 
provided.  Also,  various  methods  for  optimization  of  a  multi  variate  process  are 
mentioned.  Development  of  second  order  polynomial  models  optimization  of  the 
response  surfaces  obtained  is  described  with  special  emphasis  on  iso-contour  surfaces. 

The  results  of  the  screening  tests  for  conditioning  and  flotation  are  presented  in 
Chapter  5.  Experimental  design  (Hadamard  Matrix)  was  carried  out  on  four  different 
phosphate  feeds  and  two  conditioning  parameters,  namely  the  conditioning  intensity  and 
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the  conditioning  energy  was  evaluated  at  different  collector  dosages  in  terms  of  the 
flotation  responses.  The  dependence  of  conventional  conditioning  parameters  on  the  type 
of  feeds  was  evident. 

The  results  of  reagent  adsorption  tests  conducted  on  a  control  feed,  E,  in  order  to 
examine  the  reagent  -  particle  interaction  during  conditioning  are  discussed  in  Chapter  6. 
Evaluation  of  the  root  mean  square  velocity  gradient  as  a  conditioning  parameter  and 
correlation  with  adsorption  and  phosphate  flotation  recovery  is  presented.  The  validity  of 
the  method  for  in-situ  viscosity  determination  is  established.  Optimization  and  prediction 
of  the  conditioning  process  is  discussed  in  terms  of  the  rheology  of  the  phosphate  slurry. 

The  experimental  determination  of  optimum  phosphate  recovery  by  statistical 
modeling  and  optimization  of  the  conditioning  variables  of  two  phosphate  feeds  is 
presented  in  Chapter  7.  Optimization  of  the  conditioning  variables  was  performed  using 
surface  response  method  on  second  order  statistical  models  .  Optimums  predicted  by  the 
models  were  later  validated  experimentally. 

In  conclusion,  an  experimental  technique  for  prediction  of  flotation  recovery  is 
described  on  the  basis  of  reagent  -  particle  mixing  characteristics  on  a  bench  scale.  The 
generality  of  the  technique  for  different  feeds  is  established  and  good  agreement  with 
predicted  results  was  obtained  experimentally  using  statistically  designed  tests. 


CHAPTER  2 
BACKGROUND 


Introduction 


Froth  flotation  processes  in  mineral  industries  are  enormously  important  to  the 
economy  of  the  industrial  world.  The  quantity  of  crushed  ore  treated  annually  by  froth 
flotation  is  estimated  to  be  over  9  billion  tons.  The  depletion  of  high  grade  ores  which 
could  be  processed  by  simple  physical  and  mechanical  means  has  resulted  in  the  use  of 
froth  flotation  for  wirming  over  95%  of  the  base  metals.  Non-metallic  ores  are  almost 
entirely  processed  by  froth  flotation. 

Beneficiation  of  phosphate  ores  is  carried  out  by  froth  flotation  using  the  Crago 
double  float  process  (Crago,  1940).  The  design  of  the  flow  sheet  used  for  processing 
these  ores,  however,  depends  on  both  the  type  of  ore,  endogenic  or  sedimentary,  and  on 
the  nature  of  the  impurities,  to  be  removed.  Removal  of  silicious  impurity  from 
endogenic  ores  is  usually  accomplished  in  a  single  step  involving  flotation  of  phosphate 
minerals  at  alkaline  pH  using  fatty  acid  (anionic  surfactant)  as  the  collector  (Houot, 
1982).  Sedimentary  ores,  such  as  the  Florida  phosphates,  on  the  other  hand,  have  a  lower 
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floatability  compared  to  the  endogenic  phosphates  and  hence  require  an  additional  step 
for  the  removal  of  the  entrained  quartz  from  the  first  stage  (Houot,  1982,  Lawver  et  al., 
1982,  Mishra,  1982,  Sorensen,  1973,  Mishra,  1979).  The  lower  floatability  of  the  Florida 
phosphate  ores  leads  to  the  use  of  relatively  large  collector  dosages  which  produces 
voluminous  froth,  thus  resulting  in  a  higher  entrainment  of  quartz  in  the  anionic  flotation 
step.  The  flotation  scheme,  which  is  designed  to  recover  over  80  wt%  of  the  phosphate 
values  in  the  anionic  flotation  stage,  often  yields  poor  concentrate  grades  due  to  the  use 
of  relatively  large  collector  dosages. 

Literature  Survey 


The  factors  that  influence  flotation  such  as  particle  bubble  interaction, 
hydrodynamics,  particle  and  bubble  characteristics,  presence  of  slimes,  surface  chemical 
behavior  of  particles,  etc.  have  been  the  topic  of  research  for  many  years.  Froth 
formation  and  stability  were  researched  by  various  authors  (Grieves  and  Kyle,  1982, 
Szatkowski,  1987,  Nguyen  and  Phillips,  1973,  Fuerstenau  et  al.,  1985).  The  role  of 
surface  tension  was  reviewed  by  Freund  and  Dobias  (1995),  and  critical  issues  related  to 
bubble  and  particle  size  were  studied  by  Matis  and  Zouboulis  (1995).  Quantitative 
studies  from  a  macroscopic  standpoint  have  led  to  the  development  of  several  flotation 
models  which  were  also  used  to  analyze  industrial  flotation  circuits  (Dowling  et  al., 
1987).  A  complete  flotation  model  should  account  for  the  following  factors  in  which  the 
performance  of  a  flotation  process  depends,  i.e.  those  determined  by  the  following: 
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(a)  (floatability  of  ore)  feed  ore,  flotation  reagents  and  ore  processing  steps, 

(b)  the  design  of  the  flotation  machine  (mixing,  aeration  rate  etc.),  and, 

(c)  pulp  transport  characteristics  (bubble  size,  froth  characteristics  etc.) 

A  taxonomy  of  different  variables  that  should  be  considered  for  a  flotation  model  is 
categorized  as  follows: 

(a)  manipulated  variables  (aeration  rate,  solids  loading,  reagent  addition  etc.) 

(b)  disturbance  variables  (degree  of  oxidation,  water  chemistry,  ore  grade  etc.) 
Model  predictions  of  flotation  circuits  from  a  knowledge  of  the  manipulated  variables  is 
an  essential  requirement  for  the  optimization  and  design  of  the  flotation  facility.  The 
generality  of  such  models  is  questionable  and  this  is  attributed  to  the  nature  of  the  models 
developed.  All  flotation  models  reviewed  to  date  combine  the  various  variables  affecting 
flotation  into  a  term  called  the  '"floatability"  of  the  particle.  The  floatability  of  particles  is 
an  important  input  parameter  in  all  such  models;  factors  affecting  floatability  such  as 
reagent  adsorption  are  not  directly  addressed.  The  particle  floatability  is  assumed  to 
follow  a  distribution  or  is  assumed  to  be  proportional  to  particle  or  process  parameters 
such  as  size,  flotation  time,  recovery  etc.  and  a  rate  constant  is  derived  empirically.  A 
review  of  flotation  cell  mixing  and  design  (Dowling  et  al.,1987)  showed  little  prospects 
of  theoretically  predicting  the  flotation  cell  principles  from  direct  principles  and  it  was 
agreed  that  flotation  cells  are  invented  and  not  designed.  It  is  argued  that  the 
hydrophobicity  of  a  particle  is  a  fundamental  factor  that  determines  floatability  and  hence 
is  considered  as  model  parameter  more  generic  in  nature. 
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Conditioning 

The  key  to  floatability  of  minerals  and  their  separation  by  flotation  depends  on 
the  hydrophobicity  imparted  to  the  mineral  particles.  The  vast  majority  of  minerals  with 
the  exception  of  elemental  minerals  such  as  gold,  sulfur,  graphite  and  diamond,  and 
layered  minerals  such  as  talc,  are  hydrophilic  in  nature.  Surface  chemical  treatment  is 
required  to  render  these  minerals  hydrophobic  and  hence  amenable  to  flotation.  Mineral 
particles  are  made  hydrophobic  by  surface  chemical  action  of  flotation  reagents.  The 
industrial  unit  operation  in  which  adsorption  of  flotation  reagents  on  the  mineral  particle 
surface  is  achieved  is  called  conditioning.  Conditioning  is  essentially  a  mixing  operation 
conducted  to  attain  solution  chemistry  and  surface  chemical  properties  of  the  species  in 
the  pulp  (ions,  particles,  etc.)  desirable  for  flotation.  Adsorption  of  flotation  reagents  are 
governed  primarily  by  the  surface  properties  of  the  minerals.  Accordingly,  the  mineral 
and  collectors  used  can  be  classified  into  five  main  categories  (see  Table  2.1). 

Sulfide  minerals,  which  are  the  most  suitable  minerals  for  concentration  by 
flotation,  due  to  their  excellent  flotation  properties,  are  rendered  hydrophobic  by 
chemisorption  of  thio  compounds  such  as  alkyl  xanthates,  dithiophosphates,  and 
dithiocarbamates.  The  electrochemical  nature  of  sulfide  mineral  surface  -  dixanthogen 
collectors  was  established  by  various  authors  (Gaudin,  1957,  Fuerstenau  et  al.,  1968)  and 
confirmed  later  in  numerous  smdies  (Majima  and  Takeda,  1968,  Usui  and  Tolun,  1974, 
Fuerstenau  and  Mishra,  1980,  Critchley,  1980).  Important  parameters  that  govern  reagent 
-  particle  interaction  such  as  solution  pH  (Gaudin,  1957,  Fuerstenau  et  al.,  1968, 
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Table  2.1:  Classification  of  minerals  and  collectors 


Minerals 

Examples 

Collectors 

Elemental  minerals 

Gold,  sulfur,  graphite, 
diamond 

Naturally  hydrophobic,  no 
collector  required 

Sulfide  minerals 

Galena,  Sphalerite, 
Chalcocite,  Pyrite, 
Chalcopyrite,  Molybdenite 

Thio  compounds 

Oxide  minerals 

Hematite,  Rutile,  llmenite, 
Chromite 

Ionic  surfactants  with  more 
than  10  carbon  atoms 

Silicate  minerals 

Mica,  Feldspar 

Amines 

Salt  type  minerals 

Magnesite,  Fluorite, 
Apatite.  Baryte,  Scheelite 

Fatty  acid  and  their  soaps 

Fuerstenau  and  Mishra.  1980,  Healy  and  Moignard,  1976).  collector  type  (Kydros  et  al., 
1992.  1993),  activators  (Gaudin,  1957,  Glembotsky  et  al..  1972,  O'Connor  et  al..  1988) 
and  depressants  (Glembotsky  et  al.,  1972.  Klassen  and  Mokrousov,  1963,  Abeidu  and 
Almadhy,  1980,  Ball  and  Rickard,  1976)  have  been  researched.  An  extensive  review  of 
metal  sulfides  was  presented  by  Healy  and  Moignard  (1976);  however,  little  attention 
was  given  to  conditioning  effects. 

The  effect  of  solution  and  collector  chemistry  on  oxide  and  silicate  flotation  are 
reported  in  literature  (Palmer  et  al.,  1975,  Fuerstenau  et  al.,  1977,  Smith  and  Akhtar, 
1976.  Fuerstenau  and  Palmer,  1976,  Kulkarni  and  Somasundaran,  1975).  Collector  - 
particle  interaction  is  further  complicated  in  salt  type  minerals  such  as  apatite  by 
complexation  and  precipitation  phenomena  (Finkelstein,  1989,  Hanna  and 
Somasundaran,  1976,  Rao  et  al.,  1991,  Ananthapadmanabhan  and  Somasundaran,  1985). 
Such  phenomena  are  reported  to  be  greatly  influenced  by  process  parameters  such  as 
agitation  intensity  and  solid  liquid  ratio  (Wang  and  Somasundaran,  1974,  Somasundaran, 
1994,  Rao  et  al.  1991)  especially  in  scaled  up  industrial  operations. 
Conditioning  Parameters  and  Scale  Up 

Studies  on  the  effects  of  process  parameters  such  as  conditioning  pulps  density, 
time,  intensity  and  energy  on  the  flotation  recovery  of  particles  are  limited  to  a  few 
investigations  on  a  bench  as  well  as  pilot  scale  (Davis  and  Hood,  1993,  Stassen.  1991. 
Duchen,  1980a,  1980b,  1980c,  1980d,  1982,  1986).  Stassen  (1991)  investigated  the 
applicability  of  existing  flotation  models  and  found  that  the  Klimpel  parameters  of  the 
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flotation  rate  equation  (Klimpel,  1980)  were  dependent  on  the  conditioning  energy  but 
independent  of  the  conditioning  time  or  impeller  speed  at  constant  conditioning  energy. 
Reagent  adsorption  onto  particles  was  examined  on  a  laboratory  scale,  (typically  a  few 
grams  of  material),  and  was  observed  to  depend  only  on  the  reagent  concentration  and 
conditioning  time  (Chanchani,  1985.  Ince,  1987,  Gupta,  1989,  Somasundaran.  1993). 
However,  it  was  observed  that  on  a  bench  scale  under  simulated  plant  conditions 
(typically  a  kilogram  of  material),  conditioning  variables  such  as  the  solids  loading  and 
agitation  intensity  had  a  significant  effect  upon  the  conditioning  performance  and 
subsequent  flotation  recovery  of  the  particles.  Process  upsets  (no-float  conditions)  similar 
to  industrial  scale  operations  were  encountered  (Gruber,  1993).  In  other  bench  scale 
efforts,  it  was  found  that  the  energy  input  during  conditioning  as  influenced  by  the 
agitation  intensity  and  the  solids  loading  can  have  a  profound  effect  on  the  subsequent 
flotation  step  (Rubio.  1978).  Bulatovic  and  Salter  (Bulatovic  and  Salter,  1989)  showed 
substantial  improvements  in  the  selectivity  and  recovery  of  fine  particles  in  laboratory 
and  pilot  plant  tests  on  copper- zinc,  copper-nickel,  copper-lead-zinc-silver  and  copper 
ores,  by  varying  the  power  input  during  the  conditioning  stage  from  0  to  4  kWhr/m\ 
Investigation  on  the  effect  of  conditioning  energy  on  the  flotation  of  gold,  uranium  oxide 
and  pyrite  revealed  improved  recovery  and  kinetics  of  flotation  of  valuable  minerals  at 
higher  conditioning  energy  (Stassen,  1991).  Addition  of  oils  in  the  conditioning  stage  in 
the  flotation  of  a  complex  lead  ore  was  examined  in  a  related  work  (Siddall  and 
Hay  ward,  1991).  The  effect  of  conditioning  has  been  studied  for  agglomeration  flotation 
and  is  reviewed  by  Stassen  (Stassen.  1990);  however,  corresponding  data  for  froth 
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flotation  are  scarce.  Recent  work  has  shown  that  conditioning  energy  has  a  pronounced 
effect  on  the  recovery  and  flotation  rate  of  valuable  minerals  and  on  the  grade  of  the 
concentrate  (Barker  et  al.,  1982,  Duchen,  1980a,  1982,  1986,  Heathcote,  1984,  Rubio, 
1978). 

Few  attempts  on  explaining  the  effect  of  conditioning  upon  the  flotation 
performance  are  found.  It  is  reported  that  the  hydrodynamic  forces  encountered  during 
conditioning  can  overcome  the  repulsive  energy  barriers  between  collector  molecules  and 
mineral  surfaces  in  agglomeration  flotation  (Rogers,  1962).  It  was  revealed  that  the 
increase  in  conditioning  energy  did  not  resuh  in  any  transfer  of  reagents  from  particles  of 
gangue  to  the  particles  of  valuable  minerals,  in  the  flotation  of  heavy  metal  ores  (Stassen, 
1991)  and  agglomeration  flotation  of  apatite  (Karjalahti,  1972).  Desorption  of  collector 
from  the  surface  of  the  mineral  particles  at  very  high  conditioning  intensity  by  attrition 
mechanism  was  reported  (Lapidot  and  Mellgren,  1968,  Mackenzie,  1970,  Rogers,  1962). 
The  author  is  not  aware  of  any  work  that  addresses  the  flotation  recovery  from  a 
standpoint  of  reagent  adsorption  kinetics  and  the  factors  that  affect  it  on  a  bench  scale. 

Specific  Objective 

This  work  was  conducted  with  the  aim  of  devising  a  predictive  method  of 
optimizing  phosphate  flotation  recovery  on  a  bench  scale  by 

(a)  optimizing  the  anionic  conditioning  process 

(b)  evaluating  process  control  parameters  for  conditioning 
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(c)      quantitative  correlation  of  process  control  parameters  with  the  flotation  recovery 
and  their  subsequent  optimization 

Theoretical  Background 


The  most  widely  used  parameter  used  for  monitoring  mixing  conditions  in  unit 
operations  is  the  power  per  unit  volume  (Uhl  and  Gray,  1966).  The  power  per  unit 
volume  of  slurry  in  solid-liquid  mixing  is  often  referred  to  as  the  mixing  intensity  or 
conditioning  intensity.  The  conditioning  energy  (product  of  conditioning  intensity  and 
time)  is  also  a  popular  control  parameter  in  mineral  processing  applications.  However, 
the  root  mean  square  velocity  gradient  G,  has  been  found  to  be  a  more  quantitative 
parameter  recently,  for  characterizing  mixing  intensities  in  solid-liquid  mixing 
operations.  G  was  first  derived  by  Camp  and  Stein  (1943)  on  the  basis  of  laminar  flow 
concepts  and  was  assumed  to  have  equal  validity  for  laminar  and  turbulent  flows.  Since 
its  inception,  G  has  been  used  extensively  to  characterize  turbulent  mixing  processes  such 
as  flocculation,  and  its  use  continues  even  though  the  validity  of  G  as  a  descriptor  of 
turbulent  mixing  intensity  has  been  questioned  in  recent  years  (Cleasby,  1984,  Clark, 
1985). 

Another  complication  associated  with  the  application  and  calculation  of  G  for 
characterizing  mixing  regimes  for  solid-liquid  mixing  is  the  non-Newtonian  rheological 
behavior  exhibited  by  the  solid-liquid  suspensions.  Time-dependent  rheological  behavior 
in  waste  water  sludges  have  been  reported  to  introduce  more  complications  (Christensen, 
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et  al.  1995).  Investigations  by  Dick  and  Ewing  (1967)  and  Dick  and  Buck  (1985)  on  the 
theology  of  wastewater  sludges  have  revealed  several  problems  associated  with  the 
performance  of  rheological  measurements  as  well  as  the  interpretation  of  rheological 
data.  However,  the  measurement  of  the  RMS  velocity  gradient  in  slurry  agitation  is 
beset  with  problems  related  to  determination  of  the  apparent  viscosity  of  the  slurry 
(Dick  and  Buck,  1985)  which  invariably  has  non-Newtonian  characteristics.  According 
to  them,  there  is  no  straightforward  procedure  for  determining  the  slurry  viscosity  to 
calculate  the  absolute  values  of  G. 

Determination  of  Slurrv  Viscosity 

The  measurement  of  viscosity  of  solid  liquid  suspensions  in  the  presence  of 
measurable  gravitational  effects  such  as  settling,  especially  at  high  shear  rates  such  as 
those  used  for  conditioning  has  been  addressed  in  literature.  No  satisfactory  method 
was  found  to  be  applicable  to  the  problem  at  hand,  i.e.  in-situ  determination  of  slurry 
viscosity  during  conditioning.  It  was  therefore  decided  to  use  dimensionless  numbers 
and  a  calibrated  mixer  geometry  to  indirectly  determine  the  slurry  viscosity. 

The  power  required  by  the  impeller  to  keep  a  fluid  in  motion  during  agitation 
depends  on  geometric,  kinetic  and  hydrodynamic  factors.  For  an  agitation  system,  in 
which  the  geometry  is  unchanged,  the  impeller  power  of  a  Newtonian  fluid  is  described 
in  terms  of  Np,  the  power  number,  Nrc,  the  Reynolds  number  and  Np^,  the  Froude 
number,  by  the  well  known  correlation  in  fluid  mechanics  (Bates  et  al.,  1966): 
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where 

P  =  Impeller  power 

N  =  Impeller  rotational  speed 

D  =  Impeller  diameter 

T]  =  slurry  viscosity 

p  =  slurry  specific  gravity 

g  =  acceleration  to  due  gravity 

The  constant  isT  depends  on  the  geometry  of  the  system  and  "a"  and  "b"  depend  on  the 
flow  characteristics  of  the  slurry.  For  laminar  flow  of  fluid,  the  value  of  the  constant 
"a"  is  experimentally  found  to  be  -1  for  Newtonian  fluids  (Rushton  et  al.,  1950, 
Calderbank  and  Moo- Young,  1959,  Metzner  et  al.,  1961).  Also,  in  the  absence  of 
vortex  formation,  the  constant  "b"  can  be  regarded  as  zero  and  the  Froude  number 
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neglected  (Tatersall,  1983).  Thus,  for  laminar  flow,  equation  (2.1)  can  be  written  in 
the  form: 


K 


(2.2) 


Re 


A  plot  of  Reynolds  number,  Nr^  versus  the  power  number,  Np  on  a  log  scale  is  called 
the  impeller  characteristic  curve.  The  constant  K,  which  is  characteristic  of  the 
geometry  of  the  mixing  system,  is  empirically  determined  from  Np  -  Nr^  plot  obtained 
from  impeller  power  measurements  carried  out  on  Newtonian  fluids  of  known 
viscosity.  Equation  (2.2)  can  be  expanded  to  obtain  a  relationship  for  the  viscosity  of 
Newtonian  fluid  in  terms  of  the  impeller  power: 


Thus,  using  Equation  (2.3),  the  viscosity  of  a  Newtonian  fluid  can  be  determined  for  a 
well  characterized  mixing  system.  The  use  of  an  impeller  characteristic  curve 
determined  from  Newtonian  fluids,  to  describe  the  mixing  characteristics  of  non- 
Newtonian  fluids  is  reported  elsewhere  (Rushton  et  al.,  1950,  Metzner  et  al.,  1961). 
Mean  Velocity  Gradient 

The  root  mean  square  velocity  gradient  G,  was  derived  by  Camp  and  Stein  (1943) 
on  the  basis  of  laminar  flow  concepts  and  was  assumed  to  have  equal  validity  for  both 
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laminar  and  turbulent  flows.  The  concepts  presented  in  their  paper  were  first  applied  for 
the  study  of  coagulation  problems.  The  expression  for  the  absolute  or  root  mean  square 
velocity  gradient,  G,  as  derived  in  the  original  paper  is  summarized  in  the  next  section. 

From  the  definition  of  the  viscosity  of  a  fluid,  r|,  the  space  rate  of  change  of 
velocity  or  the  velocity  gradient  can  be  written  as  follows: 


dV_ 
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(2.4) 


where 


shear  stress  per  unit  area  on  the  surface  normal  to  the  direction  of  the 


velocity  gradient 

The  shear  stresses  which  result  in  distortion  of  the  XY  plane  is  given  by  the  following 


equation: 
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where  u  and  v  are  the  velocity  components  in  the  X  and  Y  directions.  Similarly  for 
distortion  due  to  shear  in  the  XZ  and  YZ  planes,  the  shear  stresses  are: 
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T     =  I 
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The  work  done  in  the  XY  plane  due  to  shear  in  time  dt  is  given  by  the  following 
expression  (since  dx  =  dy  for  small  values  of  dt): 


T    dx  dz  .  y    dt  .dn    =    TlY     dx  dy  d 


(2.8) 


where 

=        angular  rate  of  distortion  of  fluid  element  in  the  XY  plane 
The  work  done  per  unit  volume  in  unit  time  in  the  XY  plane  ^xy  is  thus  given  by: 


O      =  TIY^      =  Tl 
xy  *  '   xy  ' 
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The  work  done  by  shear  per  unit  volume  per  unit  time  in  all  the  three  planes  is  provided 


by  the  following  relationship: 
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where  G  is  the  absolute  or  root  mean  square  velocity  gradient.  The  work  done  per  unit 
time  can  be  expressed  as  the  power  dissipated  P  and  thus  <I>  can  be  written  as  the  power 
per  unit  volume.  Equation  2.10  c£in  be  rewritten  as  follows: 


18 


V 


(2.11) 


For  agitation  in  baffled,  cylindrical  mixing  vessels,  G  was  calculated  according  to 
Eq.  2.12. 


where 

P  =  impeller  power 
t)  =  slurry  viscosity 
V  =  slurry  volume 

The  impeller  power  P,  was  measured  for  the  slurries  during  conditioning.  The  apparent 
viscosity  of  the  slurry,  r|  was  estimated  from  impeller  power  measured  under  fixed 
geometrical  conditions  of  agitation  using  the  dimensionless  method  described  earlier. 
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P 
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CHAPTER  3 
EXPERIMENTAL 


Materials 

Phosphate  feed 

Approximately  200  kg  each  of  five  different  phosphate  feeds  were  obtained  from 
flotation  circuits  of  phosphate  beneficiation  plants  in  the  Central  Florida  districts.  The 
feeds  were  sampled  after  the  screening  process  subsequent  to  the  clay  washing  cycle.  The 
phosphate  feeds  used  in  this  study  are  listed  in  Table  3.1.  Each  feed  was  divided  into  two 
parts  of  approximately  1 00  kg  each.  One  part  was  used  for  conditioning  and  flotation 
tests,  while  the  other  part  was  used  for  preparation  of  special  tests  samples. 
Reagents 

The  collectors,  extenders,  modifiers  and  plant  process  water  used  in  this  study 
were  also  obtained  from  the  same  flotation  circuits  as  the  respective  phosphate  feeds. 
Other  chemicals 


All  bench  scale  conditioning  and  flotation  experiments  were  conducted  in 
Gainesville  tap  water  or  plant  process  water  as  specified.  De-ionized  water  with  electrical 
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Table  3.1:  Nomenclature  of  the  phosphate  feeds  used  in  the  study 


S.  No. 

Feed 

Source 

Location 

1 

A 

Fort  Meade,  Cargill 

Central  Florida 

2 

B 

Big  Four,  Mobil 

Central  Florida 

3 

C 

Hardee  Complex  I, 
CF  Industries 

Central  Florida 

4 

D 

Four  Comers, 
IMC-Agrico 

Central  Florida 

5 

E 

Occidental 

North  Central 
Florida 
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conductivity  less  than  1  micromhos/cm  was  used  for  lab  scale  adsorption  tests  and 
electrokinetic  measurements.  Gainesville  tap  water  was  used  for  some  of  the  conditioning 
and  flotation  tests.  Reagent  grade  nitric  acid  (HNO3)  and  sodium  hydroxide  (NaOH), 
used  as  pH  modifiers  in  lab  scale  tests  were  procured  from  Fisher  Scientific  Co.  Pure 
sodium  oleate  used  for  adsorption  tests  was  obtained  from  Pfizer  and  Bauer  Co. 

Methods 

Special  sample  preparation 

Special  test  samples  of  pure  francolite  and  quartz  were  prepared  from  the 
phosphate  feed  obtained  from  the  industrial  flotation  circuits  by  electrostatic  separation. 
Approximately  15  -  18  kg  of  pure  francolite  and  about  50  kg  of  pure  quartz  samples  were 
separated  from  each  phosphate  feed. 
Sample  characterization 

The  phosphate  feeds  and  the  electrostatically  separated  francolite  and  quartz 
samples,  used  in  this  study  were  characterized  for  their  relevant  physical,  chemical, 
mineralogical  and  surface  chemical  properties. 
Chemical  analysis 

Bulk  chemical  analysis  of  the  phosphate  feeds  and  the  special  test  samples  was 
performed  using  a  Perkin  Elmer  11  inductively  coupled  plasma  (ICP)  emission 
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spectrometer.  The  procedure  for  preparation  of  analytes  for  ICP  spectrometer  is 
described  elsewhere  (AFPC,  1980).  The  P2O5,  MgO,  CaO  and  acid  insoluble  contents  of 
the  various  phosphate  feeds  are  presented  in  Table  3.2.  It  can  be  seen  that  the  different 
feeds  used  in  the  study  appear  to  be  chemically  similar.  The  chemical  assay  of  the 
francolite  samples  are  provided  in  Table  3.3.  The  P2O5  content  of  the  francolite  samples 
are  lower  than  that  of  Florida  apatite  samples  used  in  some  previous  studies  (Chanchani, 
1983,  Ince,  1987,  Gupta,  1989,  Behl,  1993).  The  corresponding  acid  insoluble  contents 
are  also  relatively  lower. 
Particle  characterization 

The  phosphate  feeds  as  well  as  their  major  components,  francolite  and  quartz 
were  characterized  for  their  size,  size  distribution,  specific  surface  area  and  porosity.  The 
morphology  of  the  francolite  particles  was  examined  using  a  scaiming  electron 
microscope  (SEM). 
Particle  size 

The  particle  size  distribution  of  the  samples  (phosphate  feed,  francolite  and  quartz 
samples)  was  determined  using  sieve  analysis.  One  hundred  grams  of  the  sample  was 
screened  on  a  Rotap  automatic  sieve  shaker  using  screens  from  35  to  200  Tyler  mesh 
size  for  10  minutes.  The  sieve  analysis  for  the  phosphate  feeds  is  provided  in  Table  3.4. 
Tables  3.5  and  3.6  show  the  screen  analysis  for  the  francolite  and  quartz  samples, 
respectively.  There  appears  to  be  a  skewing  of  particle  size  distributions  between  the  two 
major  mineral  constituents  of  the  phosphate  feeds. 
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Table  3.2:  Chemical  analysis  of  phosphate  flotation  feeds 


Feed       P.O,,  wt%      MgO,  wt%      CaO,  wt%     Insols.  wt% 


A 

6.2 

0.06 

11.4 

79.9 

B 

6.4 

0.07 

11.9 

80.2 

C 

6.5 

0.7 

11.9 

78.7 

D 

5.6 

0.5 

10.5 

82.4 

E 

8.4 

0.1 

16.2 

70.2 

Table  3.3:  Chemical  analysis  of  electrostatically  separated  francolite  samples 


Sample 

P2O5,  wt% 

MgO,  wt% 

CaO,  wt% 

Insols.  wt% 

Francolite  A 

32.9 

0.52 

41.7 

3.2 

Francolite  B 

34.4 

0.28 

43.9 

2.1 

Francolite  C 

31.9 

0.71 

41.8 

4.3 

Francolite  D 

32.0 

0.64 

42.3 

3.6 
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Table  3.4:  Screen  analysis  of  phosphate  feeds 


Tyler  Mesh 

Weight  fraction,  % 

Size 

Feed  A 

FeedB 

FeedC 

FeedD 

Feed  E 

+35 

0.2 

0.1 

4.4 

10.2 

1.9 

-35  +48 

8.7 

3.7 

32.7 

25.6 

32.2 

-48  +65 

32.6 

15.1 

33.6 

35.1 

21.1 

-65  +100 

48.2 

65.6 

25.4 

21.6 

33.2 

-100+150 

7.4 

11.3 

2.6 

5.3 

7.5 

-150  +200 

2.5 

3.6 

0.9 

1.5 

3.3 

-200 

0.3 

0.6 

0.4 

0.1 

0.8 
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Table  3.5  Screen  analysis  of  francolite  samples 


Tyler  Mesh 

Weight  fraction,  % 

Size 

Feed  A 

FeedB 

FeedC 

FeedD 

Feed  E 

+35 

0.1 

1.7 

52.6 

10.1 

18.3 

-35  +48 

1.2 

6.1 

20.7 

17.6 

14.6 

-48  +65 

12.2 

22.5 

15.9 

30.4 

20.9 

-65  +100 

30.2 

37.9 

9.7 

27.9 

25.0 

-100+150 

42.2 

28.8 

1.5 

6.8 

18.9 

-150+200 

13.6 

1.8 

0.1 

2.1 

2.1 

-200 

0.1 

0.6 

0 

0.3 

0.4 
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Table  3.6  Screen  analysis  of  quartz  samples 


Tyler  Mesh 

Weight  fraction,  % 

Size 

Feed  A 

FeedB 

FeedC 

FeedD 

Feed  E 

+35 

15.5 

0.1 

10.3 

10.4 

0.8 

-35  +48 

20.3 

0.9 

17.7 

33.6 

4.9 

-48  +65 

32.9 

10.1 

34.0 

35.8 

17.7 

-65  +100 

26.4 

44.9 

31.2 

15.2 

33.6 

-100+150 

4.1 

38.2 

5.2 

3.9 

31.0 

-150  +200 

0.2 

4.2 

0.6 

0.7 

7.8 

-200 

0 

0.9 

0 

0.1 

2.1 
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Specific  surface  area 

The  specific  surface  area  of  the  various  samples  were  determined  by  Autosorb 
(Quantachrome  Corporation)  ASAP  2000  surface  area  analyzer.  The  surface  area  was 
estimated  by  the  B.E.T.  adsorption  isotherm  using  nitrogen  as  the  adsorbate.  The  surface 
areas  of  the  phosphate  feeds  and  their  major  components  are  provided  in  Table  3.7. 
Relatively  higher  specific  surface  area  of  the  francolite  samples  indicate  that  the 
phosphate  minerals  are  porous  in  nature. 
Scanning  electron  microscopy 

SEM  (JEOL  35CF)  micrographs  presented  in  Figures  3.1  -3.5  show  the 
morphology  of  the  particles.  All  the  francolite  samples  show  similar  morphology  as  well 
as  surface  roughness.  Most  of  the  particles  are  granular  in  shape  with  low  aspect  ratios. 
When  viewed  at  low  magnifications,  the  surface  appears  fairly  even.  The  highly  porous 
nature  of  the  francolite  particles  are  visible  at  higher  magnification  for  all  samples. 
Surface  chemical  characterization 

The  surface  chemistry  plays  an  important  role  in  adsorption  processes.  The 
particle  surface  of  the  francolite  and  quartz  minerals  were  characterized  for  charge  in  D.I. 
and  plant  water.  The  zeta  potential  of  the  mineral  surfaces  were  determined  by 
microelectrophoresis.  It  is  well  known  that  the  surface  of  francolite  exhibits  aging 
behavior  in  suspensions.  Previous  studies  have  shown  that  the  aging  behavior  of 
francolite  can  be  fairly  complex  especially  when  the  initial  pH  is  acidic  (Chanchani, 
1986.  Moudgil  1987).  However,  it  was  demonstrated  by  Ince  (1987)  and  Shah  (1986) 
that  dilute  suspensions  of  apatite  reach  a  pseudo-equilibrium  within  one  hour  of  aging. 


Table  3.7:  Specific  surface  area  of  phosphate  feeds  and  constituents 


Species  Specific  surface  area,  m-/g 


Feed  A 

FeedB 

FeedC 

FeedD 

Feed  E 

Feed 

4.3 

4.1 

3.9 

3.6 

5.2 

FrancoUte 

12.8 

12.5 

12.3 

13.1 

11.9 

Quartz 

0.2 

0.4 

0.2 

0.3 

0.4 

Figure  3.1 :  Surface  of  francolite  sample  A 

(a)  SEM  micrograph  at  lOOX 

(b)  SEM  micrograph  at  10,000X 
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(b) 

Figure  3.2:  Surface  of  francolite  sample  B 

(a)  SEM  micrograph  at  lOOX 

(b)  SEM  micrograph  at  10,000X 
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(b) 

Figure  3.3:  Surface  of  francolite  sample 

(a)  SEM  micrograph  at  lOOX 

(b)  SEM  micrograph  at  10,000X 


Figure  3.4:  Surface  of  francolite  sample  D 

(a)  SEM  micrograph  at  lOOX 

(b)  SEM  micrograph  at  10,000X 


Figure  3.5:  Surface  of  francolite  sample  E 

(a)  SEM  micrograph  at  200X 

(b)  SEM  micrograph  at  10,000X 
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Approximately  25  g  of  the  mineral  sample  was  ground  in  an  electric  mortar  grinder  and 
the  minus  400  mesh  fraction  was  used  for  microelectrophoresis  experiments.  5g  of  the 
minus  400  mesh  sample  was  added  to  500  ml  of  water  (D.I.  or  plant  process  water).  The 
ionic  strength  of  the  francolite  suspension  was  adjusted  to  2  x  10'^  kmol/m^  by  addition 
of  0.101  g  of  KNO3.  The  sample  was  aged  for  24  hours  in  a  wrist  shaker.  In  the  case  of 
quartz  suspension,  aging  was  carried  out  only  for  4  hours  in  the  presence  of  10'^  kmol/m^ 
of  KNO3  as  electrolyte.  The  aged  suspension  was  allowed  to  stand  for  one  hour  to  settle 
out  the  coarse  particles  (>  1  micron).  50  ml  of  the  suspension  was  pipetted  out  into  a 
beaker  and  the  pH  adjusted  to  the  desired  level  using  dilute  HNO3  and  NaOH. 
Microelectrophoresis  was  used  to  determine  the  zeta  potential  of  the  minerals  with  a  Pen 
Kem  Lazer  Zee  meter  (Model  501).  The  pH  of  the  sample  was  measured  before  and  after 
zeta  potential  measurement  using  a  Coming  pH  meter  (Model  220)  and  Fisher  glass 
electrode. 

Zeta  potentials  of  four  samples  of  all  the  five  samples  of  francolite  were 
determined.  The  surface  charge  behavior  of  the  francolite  samples  are  shown  in  Figures 
3.6  -  3.10.  The  iso-electric  points  (I.E. P.)  of  the  francolite  samples  were  in  the  range  4.2 
-  5.4.  These  values  are  slightly  lower  than  those  for  Florida  phosphates  determined  in 
earlier  studies  (Chanchani,  1983,  Ince,  1987,  Gupta,  1989).  Overall  the  surface  charge  of 
the  minerals  in  the  phosphate  feeds  were  quite  similar.  The  mineral  exhibited  a  negative 
surface  charge  of  about  30-35  mV  near  the  flotation  pH  (9  -  9.5). 

The  zeta  potential  of  quartz  (sample  E)  is  presented  in  Figure  3.1 1.  The  I.E. P.  of 
quartz  was  determined  to  be  2.0.  The  I.E.P.  of  quartz  has  been  reported  to  be  in  the  range 
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Figure  3.6:  Zeta  potential  of  francolite  A  as  a  function  of  pH 
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Figure  3.7:  Zeta  potential  of  francolite  B  as  a  function  of  pH 
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Figure  3.8:  Zeta  potential  of  Francolite  C  as  a  flinction  of  pH 
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Figure  3.9:  Zeta  potential  of  Francolite  D  as  a  function  of  pH 
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Figure  3.10:  Zeta  potential  of  francolite  E  as  a  function  of  pH 
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Figure  3.11:  Zeta  potential  of  quartz  (sample  E)  as  a  function  of  pH 
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of  pH  2-  3.7  (Kulkami  and  Somasundaran,  1974,  Gaudin  and  Fuerstenau,  1957).  This 
variation  in  the  I.E. P.  value  has  been  attributed  to  the  different  silica/quartz  used  by 
various  investigators  and  also  to  the  method  employed  for  determining  the  surface  charge 
behavior  (Somasundaran  and  Moudgil,  1979).  As  can  be  seen  from  the  figure,  quartz  also 
has  a  negative  surface  near  the  flotation  pH. 
Collector  adsorption  tests 

Depletion  of  collector  from  the  solution  upon  adsorption  on  the  minerals  was 
determined  on  a  lab  as  well  as  bench  scale.  The  lab  scale  tests  were  done  to  examine  the 
equilibrium  nature  of  the  adsorption  of  collector  on  the  phosphate  mineral.  Lab  scale 
tests  were  conducted  in  both  D.I.  water  as  well  as  plant  process  water.  Sodium  oleate  was 
used  as  the  collector  for  lab  scale  tests.  Adsorption  of  collector  on  phosphate  feed  during 
bench  scale  conditioning  tests  were  conducted  in  order  to  examine  the  non-equilibrium 
adsorption  behavior  of  the  collector.  Bench  scale  adsorption  tests  were  conducted  in 
Gainesville  tap  water. 
Lab  scale  adsorption  tests 

One  gram  of  francolite  mineral  was  immersed  in  1 9  ml  of  sodium  oleate  of  the 
required  concentration  in  a  glass  vial.  The  pH  of  the  sodium  oleate  was  adjusted  to  9.2  ± 
0.1  m  the  presence  of  10"^  M  NaNOs.  Sodium  oleate  concentrations  from  10'^  to  10"^ 
moles  per  Hter  were  used.  Adsorption  was  carried  out  by  tumbling  at  150  rpm  for  2.5  hrs. 
The  solids  were  separated  by  filtration  and  the  supernatant  centrifuged  at  5000  rpm  for 
10  minutes  to  remove  any  suspended  solids.  The  supernatant  was  then  analyzed  for 
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residual  sodium  oleate  using  a  Shimadzu  total  carbon  analyzer  (TOC-5050). 

Adsorption  tests  were  also  conducted  on  a  bench  scale  using  fatty  acid  and  fuel 
oil  mixture  as  the  collector  on  1  kg  of  phosphate  feed.  1  kg  of  feed  was  mixed  with  tap 
water  to  obtain  the  desired  conditioning  pulps  density  in  a  1 .75  liter  stainless  steel 
vessel.  The  slurry  was  agitated  at  the  required  rpm  using  a  Lightnin  Labmaster  L1U08 
mixer.  At  the  end  of  conditioning  ,  the  supernatant  was  decanted  and  centrifuged  for  1 5 
minutes  at  1000  rpm  to  remove  any  suspended  solids.  The  clear  supernatant  was  analyzed 
for  residual  concentration  of  collector. 
Determination  of  residual  collector  concentration 

The  residual  concentration  of  collector  in  the  supernatant  of  the  slurry  was 
determined  from  the  amount  of  organic  carbon  m  solution.  The  total  organic  carbon 
content  in  the  supernatant  was  measured  using  a  Shimadzu  TOC-5050  total  organic 
carbon  analyzer.  Depending  on  the  concentration  of  the  analyte,  15-25  microliters  of  the 
sample  was  pipetted  into  the  sample  chamber  of  the  TOC-5050.  The  carbon  in  solution 
(both  organic  and  inorganic)  was  combusted  in  the  furnace  at  670°C,  and  the  combustion 
products  were  analyzed  for  the  carbon  spectra  by  an  infra  red  detector.  The  total  carbon 
(TC)  content  was  measured  against  a  calibration  curve  generated  using  standard  solutions 
of  known  concentrations. 

The  standard  procedure  for  determination  of  inorganic  carbon  (IC)  involved 
conversion  to  carbon  dioxide  by  addition  of  phosphoric  acid  and  sparging  with  CO2  free 
compressed  air.  However,  it  could  not  be  used  for  collector  solutions  since  addition  of 
phosphoric  acid  resulted  in  a  lowering  of  pH  to  below  the  pKa  of  the  oleate  molecule  and 
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subsequent  precipitation.  Hence  an  alternate  approach  was  used.  It  is  to  be  noted  that  the 
source  of  inorganic  carbon  could  be  either  the  solids  or  dissolved  carbon  dioxide  from 
the  atmosphere.  Since  the  adsorption  tests  were  all  conducted  at  pH  9.2,  the  dissolved 
carbon  dioxide  from  the  atmosphere  was  the  same  in  all  the  samples.  The  inorganic 
carbon  in  the  samples  was  determined  separately  using  a  blank  solution  at  pH  9.2.  The 
total  organic  carbon  (TOC)  content  was  calculated  by  subtracting  the  amount  of  IC  from 
the  measured  total  carbon  content. 

Calibration  curves  were  generated  for  sodium  oleate  solutions  and  fatty  acid-fuel 
oil  emulsions.  The  calibration  curves  for  sodium  oleate  is  shown  in  Figure  3.12.  It  can  be 
seen  that  the  measured  carbon  and  the  actual  carbon  content  have  a  linear  relationship. 
Linear  regression  between  the  two  parameters  was  performed  to  obtain  a  straight  line. 
The  line  has  a  slope  of  1  upto  an  analyte  concentration  of  1 500  mg/liter,  indicating  that 
there  was  no  loss  in  analyte  during  the  measurement  procedure.  The  calibration  curve  for 
fatty  acid-fiiel  oil  emulsions  shown  in  Figure  3.13  is  also  a  straight  line.  However,  the 
measured  carbon  content  is  less  that  the  actual  carbon  content.  This  was  expected 
because  the  actual  carbon  content  is  overestimated  by  assuming  to  be  equal  to  the 
concentration  of  the  fatty  acid  -  fuel  oil  mixture.  This  does  not  apply  strictly  because  of 
the  presence  of  other  elements  in  the  mixture  such  as  oxygen  and  hydrogen.  The  linear 
relationship  between  the  two  parameters  indicated  again  that  there  was  no  analyte  loss. 
This  allowed  the  use  of  the  calibration  curve  for  determination  of  fatty  acid-fuel  oil 
content  in  the  supernatant  solutions. 
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Conditioning  tests 

Conditioning  of  the  phosphate  feed  was  done  in  a  1.75  XIO"^     stainless  steel 
vessel  using  a  Lightnin  Labmaster  mixer.  A  four  blade  pitched  cruciform  impeller  was 
used  for  agitation  purposes.  The  conditioning  pH  was  regulated  by  modifiers  (10  -  15 
wt%  NaOH)  and  recorded  at  the  end  of  conditioning.  The  conditioning  pH  was 
maintained  at  9.2  by  addhion  of  0.7  -1.2  ml  of  10  -  15  wt%  NaOH  at  the  beginning  of 
conditioning.  The  amount  of  modifier  added  to  obtain  the  desired  conditioning  pH  of  9.2 
depended  on  the  amount  of  collector  added  and  the  conditioning  time.  Preliminary 
conditioning  tests  were  done  at  two  different  collector  dosages  and  conditioning  times  in 
order  to  determine  the  amount  of  modifier  additions.  Higher  collector  dosages  and  longer 
conditioning  times  required  larger  modifier  additions.  The  ratio  of  fatty  acid  to  fuel  oil 
were  kept  constant  for  all  tests;  these  values,  were  obtained  from  the  respective  flotation 
plants. 

The  phosphate  feed  was  deslimed  to  remove  clays  prior  to  conditioning. 
Desliming  was  carried  out  by  agitating  one  kg  of  feed  in  800  ml  of  tap  water  at  250  rpm 
for  30  seconds.  The  procedure  was  repeated  by  decanting  the  supernatant  and  replacing  it 
by  an  equal  volume  of  fresh  tap  water.  Four  repetitions  were  required  to  obtain  a 
relatively  clear  supernatant.  After  desliming,  the  required  amount  of  water  was  added  to 
bring  the  conditioning  pulps  density  to  the  desired  level.  The  mixer  was  started  slowly 
and  set  to  the  required  speed.  A  known  amount  of  modifier  was  added  using  a  2  ml 
pipette  m  order  to  increase  the  pH.  Collector  was  added  1 5  -  20  seconds  after  addition  of 
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1600 


SODIUM  OLEATE  CONCENTRATION,  MG/L 


Figure  3.12:  Calibration  curve  for  TOC  measurement  of  sodium  oleate  solutions 
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400 


FVFO  CONCENTRATION.  MG/L 


Figxire  3.13:  Calibration  curve  for  TOC  measurement  on  fatty  acid  -  fuel  oil  emulsions 
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modifier.  The  pH  and  the  impeller  power  were  recorded  at  the  end  of  conditioning. 
Flotation  tests 

A  Denver  D-2  flotation  machine  was  used  for  flotation  of  1  kg  charge  in  a  5  liter 
float  cell.  Flotation  conditions  were  kept  imchanged  for  all  the  tests.  The  conditioned 
feed  was  transferred  to  the  flotation  cell  and  water  added  to  obtain  a  solids  loading  of  1 7 
wt%.  The  pH  electrode  was  immersed  in  the  flotation  cell  and  the  impeller  turned  on. 
The  air  valve  was  opened  and  the  froth  was  skimmed  continuously  for  1  minute.  The  pH 
during  the  entire  flotation  operation  was  between  8.3  and  8.5.  No  modifier  additions 
were  required  to  maintain  the  flotation  pH.  The  impeller  agitation  speed  in  the  Denver 
flotation  machine  was  kept  at  1200  rpm  (125  rad/sec)  and  an  air  supply  rate  of  16 
cfit/hour  (1 .25  X  10"^  mVsec)  was  used.  Gainesville  tap  water  was  used  for  all  the 
experiments  unless  otherwise  stated.  Air  supply  was  turned  off  after  1  minute  and  the 
float  and  sink  fractions  collected  in  separate  beakers.  These  were  dried  in  an  oven  for  12 
hours  at  1 10°  C  and  their  respective  weights  recorded.  A  25  g  sample  was  sampled  from 
each  fraction  by  rifflers  and  ground  using  an  electric  mortar  and  pestle  for  chemical 
analysis.  The  float  and  sink  fractions  were  then  chemically  analyzed  for  P2O5  and  acid 
insolubles  content.  The  P2O5  content  of  the  float  fraction  was  reported  as  the  grade  of  the 
concentrate.  The  following  equations  were  used  to  calculate  the  phosphate  and  insol 
recovery  in  the  float  fraction: 
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X         X  100 
Phosphate  recovery,  wtVt>  -  ' 


P,  X  M+    P    X  M 

f  f  s  s 


I    X  M  100 

Insol  recovery,  wtVo  ~ 


L  X  M+   I    X  M 

f  f  s  s 


where 

Pf  =  P2O5  content  in  float  fraction,  wt% 
Ps  =  P2O5  content  in  sink  fraction,  wt% 
If  =  Insol  content  in  float  fraction,  wt% 
Is  =  Insol  content  in  sink  fraction,  wt% 
Mf  =  mass  of  float  fraction,  g 
Ms  =  mass  of  sink  fraction,  g 
Impeller  power  for  minimum  suspension 

The  minimum  power  required  for  just  suspending  all  the  solids  in  the  slurry  was 
measured  in  a  2.0  liter  fransparent  quartz  vessel  using  the  same  setup  as  in  the 
conditioning  tests.  The  torque  required  to  keep  the  slurry  in  suspension  was  measured  by 
a  dynamometer  built  in  the  Lightnin  Labmaster  mixer.  The  dynamometer  was  calibrated 
to  measure  the  impeller  power  at  a  given  impeller  speed,  both  of  which  were  directly 
read  from  the  digital  display.  1  kg  of  feed  was  mixed  with  tap  water  to  obtain  the  desired 
pulp  density  in  the  quartz  vessel  and  the  motor  started.  The  minimvmi  impeller  power 
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required  for  completely  suspending  all  the  solids  was  determined  using  Zwietering's 
criterion  (Zwietering,  1954).  The  agitation  speed  was  increased  slowly  till  all  the  solids 
at  the  bottom  of  the  vessel  were  suspended.  The  lowest  impeller  power  and  speed  at 
which  no  settling  of  solids  was  observed  was  recorded. 
Feed  management 

The  limited  amount  of  feed  available  necessitated  their  proper  management  in 
order  to  allow  the  maximum  number  of  experiments  to  be  performed  without 
compromising  on  the  generality  of  the  results  obtained.  Five  phosphate  feeds  were  used 
in  this  study  from  which  four  were  used  for  conditioning  and  flotation  (feeds  A,  B,  C  and 
D)  while  feed  E  was  used  as  the  control  feed  on  which  reagent  adsorption  was  carried 
out.  All  the  four  feeds  A  through  D  were  used  for  evaluating  the  anionic  conditioning 
trends  using  statistically  designed,  two-level  screening  tests.  Results  obtained  from 
adsorption  tests  on  feed  E  were  verified  on  feeds  A  and  D  to  test  for  generality  of  the 
concept,  using  statistical  modelling. 


CHAPTER 4 
EXPERIMENTAL  DESIGN  AND  ANALYSIS 

Introduction 

Prior  to  flotation,  the  minerals  to  be  floated  are  conditioned  by  agitation  with 
suitable  reagents  in  a  stirred  tank.  The  conditioning  is  necessary,  primarily  in  order  to 
ensure  that  the  flotation  collector  reacts  properly  with  the  surface  of  the  mineral. 
However,  conditioning  serves  a  number  of  other  important  functions  as  well,  including 
pH  adjustment  and  the  blending  of  other  reagents  such  as  depressants  or  activators.  Thus 
conditioning  can  be  classified  as  a  mixing  operation,  the  purpose  of  which  is  to  maximize 
reagent  distribution  in  the  slurry  and  ensure  adequate  adsorption  on  the  mineral  values  in 
order  to  impart  the  required  hydrophobicity  and  selectivity  in  them. 

Anionic  conditioning  in  phosphate  flotation  plants  use  a  mixture  of  fatty  acid  and 
fuel  oil  as  the  collector.  The  efficiency  of  the  conditioning  operation  is  decided  by  a 
number  of  factors  including  the  surface  and  solution  chemistry  of  the  mineral  collector 
system,  hydrodynamic,  geometric  and  kinetic  variables.  The  feed  characteristics  such  as 
the  size  distribution,  morphology  etc.  may  also  be  among  the  important  variables  that 
influence  the  conditioning  operation.  The  efficiency  of  conditioning  operation  is  not 
directly  measured  but  is  reflected  in  the  subsequent  flotation  performance,  the  reagent 
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consumption  and  the  energy  required  for  the  process. 

It  is  clear  that  the  conditioning  operation  in  phosphate  flotation  is  a  complex 
operation  whose  performance  depend,  in  a  complex  way  on  some  or  all  of  the 
components  of  the  system.  This  is  a  classical  example  of  a  multi  variate  process  in  which 
knowledge  of  the  true  variant  in  the  process  is  inadequate.  The  need  to  understand  the 
specific  behavior  of  the  true  variant  in  the  conditioning  process,  gives  rise  to  a  problem 
which  is  statistical  in  nature.  In  this  work,  statistics  is  used  as  a  scientific  discipline  for 
the  purpose  of  experimentation  (design  of  experiments)  and  making  inferences  (data 
analysis). 

The  primary  problem  in  designing  experiments  for  such  a  complex  system  is  that 
of  determining  suitable  tolerances  for  the  variables  that  effect  the  conditioning 
performance;  more  generally  of  ascertaining  the  effect  of  quantitative  or  qualitative 
alterations  in  the  different  variables,  upon  measured  responses  which  determine  the 
efficiency  of  conditioning,  such  as  flotation  recovery,  concentrate  grade,  etc.  In  such  a 
system,  it  might  appear  to  be  best  to  vary  the  components  independently  and  study 
separately  the  effect  of  each  in  turn.  Such  a  procediore,  however,  is  wasteful  either  of 
labor  or  accuracy.  An  alternative  is  to  make  up  experiments  of  all  possible  combinations 
of  the  k  variables  at  the  /  desired  levels  i.e.  to  carry  out  a  complete  factorial  design,.  This 
would  require  /*  experiments,  which  may  become  quite  impracticable  for  large  values  of 
k.  Thus,  the  need  arises  for  selection  of  a  set  of  N  experiments  from  the  complete 
factorial  design  which  enables  the  effects  of  the  variables  to  be  estimated  with  the  same 
accuracy  as  if  attention  had  been  concentrated  on  varying  a  single  component  throughout 
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the  N  experiments.  Before  proceeding  to  the  details  of  the  selection  and  description  of 
such  a  design,  a  prelude  to  the  subject  of  experimental  design  is  provided. 

Experiments  and  their  designs 

Statistical  design  of  scientific  experiments  and  their  analysis  are  essentially  tools 
for  creation  of  controlled  conditions  for  experimentation  so  that  appropriate  and  valid 
interpretation  of  data  is  achieved.  Designing  is  necessary,  moreover,  to  increase  accuracy 
and  sensitivity  of  the  results  apart  from  reducing  the  experimental  effort.  The  validity, 
interpretability  and  accuracy  of  the  results  obtained  is  ensured  by: 

(I)  randomization 

(ii)  replication 

(iii)  error  control 
Randomization 

Randomization  defines  the  manner  of  allocation  of  the  sets  of  experimental 
conditions  (treatments)  to  the  experimental  units,  or  in  the  case  of  a  single  unit,  the  order 
of  performance  of  each  treatment.  The  term  "treatment"  is  generically  used  to  denote  any 
controlled  variation  in  experimental  conditions.  In  this  sense  different  sets  of 
conditioning  parameters  are  effectively  different  treatments.  Randomization  ensures 
validity  of  the  results  and  helps  to  have  an  objective  comparison  among  the  treatments.  It 
also  ensures  independence  of  the  observations  which  is  necessary  for  drawing  valid 
inference  fi-om  the  observations  by  applying  appropriate  statistical  techniques.  Depending 
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upon  the  experimental  units,  there  are  a  number  of  experimental  designs  and  each  has  its 
own  way  of  randomization.  A  thorough  discussion  on  the  subject  is  provided  by  Fisher 
(1942),  Kempthome,  (1952)  and  Ogawa  (1974). 
Replication 

Replication  specifies  the  number  of  experimental  units  for  each  treatment  or  in 
case  of  a  design  if  each  treatment  is  replicated  r  times,  the  design  is  said  to  have  r 
replications.  Replication  is  necessary  to  increase  the  accuracy  of  estimates  of  the 
treatment  effects  and  also  provides  an  estimate  of  the  error  variance.  The  nimiber  of 
replicates  is  decided  by  the  precision  of  estimates  required  and  the  availability  of 
experimental  resources  such  as  the  cost  and  time  of  experimentation.  The  significance  of 
the  difference  between  two  treatments  is  tested  by  the  t-test  where 


yi  -  yj 

t  =   (4.1) 


Here,  yj  and  yj  are  the  arithmetic  means  of  two  treatment  effects  each  based  on  r 
replications,  s^  is  a  measure  of  the  error  variation.  Given  a  difference  d,  between  the  two 
treatment  effects  such  that  any  difference  greater  than  d  should  be  brought  out  as 
significant  by  using  a  design  with  r  replications,  the  following  equation  provides  a 
solution  to  r: 


where  to  is  the  critical  value  of  the  t-distribution  at  the  desired  level  of  significance 
(confidence  interval). 
Error  control 

The  considerations  in  regard  to  the  choice  of  number  of  replications  ensure 
reduction  of  standard  error  of  the  estimates  of  the  treatment  effects  but  they  cannot 
reduce  the  error  variance  itself  Measures  for  reducing  the  error  variance  are  called  error 
control.  One  such  measure  is  to  make  the  experimental  units  homogeneous.  Another 
method  is  to  form  the  units  into  several  homogeneous  groups,  usually  called  blocks, 
allowing  variations  between  the  groups.  Extensive  use  of  combinatorial  mathematics  has 
been  made  for  the  formation  of  such  blocks  (Bose,  1939,  Raghavrao,  1971). 

Classification  of  experimental  designs 

There  is  a  large  number  of  designs  possessing  one  or  more  of  the  properties 
described  in  the  previous  section.  In  the  following  section  a  brief  mention  of  only  the 
relatively  simple  and  more  commonly  used  designs  will  be  made.  Experimental  designs 
can  be  broadly  divided  into  two  categories  on  the  basis  of  the  relative  number  of 
treatments  and  levels  at  which  each  treatment  is  examined.  These  are  as  follows: 
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(1)  Complete  Designs 

(2)  Incomplete  Designs 

A  complete  design  is  a  set  of  experiments  which  includes  all  possible 
combination  of  treatments.  Sometimes  experimental  conditions  or  resources  will  not 
permit  designs  large  enough  to  include  every  treatment,  so  that  all  treatments  cannot  be 
tested.  In  such  cases,  valid  and  efficient  comparisons  between  the  treatments  can  be  made 
by  suitable  modifications  to  the  original  design.  These  modifications  are  achieved  by 
combinatorial  mathematics,  the  discussion  of  which  is  beyond  the  scope  of  this  work. 
Such  designs  are  called  incomplete  or  fractional  designs.  The  categories  under  which  the 
various  experimental  designs  can  be  classified  are  shown  schematically  in  Figure  4.1. 
Complete  Designs 

In  complete  designs,  all  possible  combinations  of  the  k  variables  are  considered. 
These  may  be  further  classified  into  the  following  two  groups: 

(1)  Block  designs 

(2)  Factorial  designs 
Block  designs 

When  several  experimental  treatments  are  to  be  compared  at  one  level  among 
various  experimental  units,  a  block  design  is  preferred.  Block  designs  are  usually 
characterized  by  the  nature  of  grouping  of  experimental  units  and  the  procedure  of 
random  allocation  of  treatments  to  the  experimental  units.  These  designs  can  be  further 
classified  into  the  following: 
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Figure  4. 1 :  Schematic  illustration  of  classification  of  experimental  designs 
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(a)  Completely  randomized  designs 

(b)  Randomized  block  designs 

(c)  Latin  square  designs 

Completely  randomized  designs.  In  a  completely  randomized  design  the  units  are 
taken  in  a  single  group.  As  far  as  possible  the  units  forming  the  group  should  be 
homogeneous.  Normally,  the  number  of  replications  for  different  treatments  should  be 
equal  as  it  ensures  equal  precision  of  estimates  of  the  treatment  effects.  The  actual 
number  of  replications  is,  however,  determined  by  availability  of  experimental  resources 
and  the  requirement  of  precision  and  sensitivity  of  comparisons.  Reduction  of  error 
variance  is  achieved  by  choosing  a  homogeneous  set  of  experimental  vmits.  It  is  not 
desirable  to  use  completely  randomized  designs  when  the  number  of  treatments  is  large 
or  when  the  experimental  units  are  very  heterogeneous. 

Randomized  block  designs.  The  main  characteristic  features  of  these  designs  are 
the  homogeneous  grouping  of  the  experimental  units  and  the  random  allocation  of  the 
treatments  separately  in  each  block.  The  number  of  blocks  is  the  same  as  the  number  of 
replications.  The  nature  of  this  design  results  in  an  increase  in  precision  of  estimates  of 
the  treatment  contrasts,  due  to  the  fact  that  error  variance  which  is  a  function  of 
comparisons  within  blocks,  is  smaller  because  of  homogeneous  blocks.  If,  however, 
variation  between  the  blocks  is  not  significantly  large,  this  type  of  grouping  of  the  imits 
does  not  lead  to  any  advantage.  When  the  number  of  treatments  is  large,  say,  greater  than 
10,  randomized  block  designs  are  not  usually  suitable  because  it  is  often  difficult  to  get 
homogeneous  groups  of  vmits  of  size  larger  than  10. 
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Latin  square  designs.  It  was  pointed  out  earlier  that  the  randomized  block  designs 
are  improvements  over  completely  randomized  designs  in  the  sense  that  provide  error 
control  measures  for  the  elimination  of  block  variation.  Latin  square  design  is  an 
improved  design  with  provision  for  the  elimination  of  two  sources  of  variation.  A 
thorough  description  of  the  Latin  square  is  provided  by  Stevens  (1939).  Elimination  of 
three  sources  of  variation  can  be  achieved  using  a  Graeco  latin  square  design. 
Factorial  designs 

Many  experimental  situations  require  the  examination  of  the  effects  of  varying 
two  or  more  factors  at  more  than  one  level.  In  a  complete  exploration  of  such  a  situation 
it  is  not  sufficient  to  vary  one  factor  at  a  time,  but  that  all  combinations  of  the  different 
factor  levels  must  be  examined  in  order  to  elucidate  the  effect  of  each  factor  and  the 
possible  ways  in  which  each  factor  may  be  modified  by  the  variation  of  the  others. 
Experimental  designs  of  this  kind  are  called  factorial  designs.  In  the  analysis  of  the 
experimental  results  the  effect  of  each  factor  can  be  determined  with  the  same  accuracy 
as  if  only  one  factor  had  been  varied  at  a  time,  and  the  interaction  effects  between  the 
factors  can  also  be  evaluated.  The  construction  and  analysis  of  factorial  designs  are 
reported  in  literature  (Box  et  al.,  1981). 
Incomplete  designs 

Incomplete  designs  are  obtained  by  selecting  a  set  of  treatments  from  the 
complete  designs  primarily  with  the  aim  of  reducing  the  number  of  experiments.  Such  a 
selection  is  based  on  combinatorial  techniques  or  group  theory.  The  precision  of  the 
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estimates  of  the  effects  obtained  from  the  incomplete  designs  is  naturally  lesser  than  that 
from  the  complete  designs,  and  hence,  the  choice  of  design  depends  upon  the  desired 
level  of  precision.  Incomplete  designs  are  used  in  cases  where  the  number  of  factors  or 
levels  are  large  enough  to  make  testing  all  combinations  prohibitive  in  terms  of  labor, 
cost  and  time  of  experiments.  Such  designs  can  be  an  incomplete  block  design  or  an 
incomplete  factorial  design  (also  called  a  fractional  factorial  design)  depending  on  the 
original  matrix  of  experiments.  The  incomplete  designs  can  be  used  only  in  a  constrained 
manner,  i.e.  the  choice  of  factors,  levels  and  number  of  treatments  must  satisfy  certain 
conditions.  Since  the  precision  increases  with  the  number  of  treatments,  it  is  up  to  the 
experimenter  to  decide  the  size  of  the  design  matrix.  Among  the  various  methods  of 
obtaining  incomplete  designs,  Plackett  and  Burman  devised  a  technique  for  obtaining 
optimum  designs  called  multifactorial  designs,  using  Hadamard  matrices  (Plackett  and 
Burman,  1946). 

In  the  present  investigation,  Hadamard  matrices  were  used  to  design  the 
experiments  in  order  to  find  the  effect  of  the  conditioning  variables  on  the  conditioning 
performance.  The  Hadamard  matrix  is  a  more  general  form  of  the  Plackett  Burman 
design  which  was  used  for  estimating  the  main  effects  in  systems  involving  a  large 
number  of  variables. 


Plackett  Burman  design:  Hadamard  Matrices 
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Most  useful  two-level  multivariable  factorial  designs  can  be  generated  by 
Hadamard  matrices,  which  were  discovered  by  Jacques  Hadamard,  a  French 
mathematician.  Investigations  of  Hadamard  matrices  were  connected  initially  with  linear 
algebra  problems.  Later  on  it  was  found  that  there  existed  interrelations  between 
Hadamard  matrices  and  different  combinatorial  configurations  such  as  block-designs, 
Latin  squares,  orthogonal  F-square  configurations,  correcting  codes,  finite  geometries 
and  strongly  regular  graphs  (Markova,  E.V.,  1979,  Ezova,  L.I.,  1981).  These 
interrelations  allowed  the  use  of  Hadamard  matrices  to  investigate  the  properties  of 
experimental  design  using  the  analogy  in  their  structures.  Use  of  these  matrices  for 
experiment  design  was  described  by  Plackett  and  Burman  (1946),  who  limited  their  use 
to  saturated  designs,  i.e.  designs  for  estimating  main  effects  only. 

Later  on  these  designs  were  applied  to  a  number  of  process  and  product 
development  problems;  for  example,  an  epoxide  adhesive  system  (Williams,  1963),  a 
new  catalyst  preparation  (Stowe  and  Mayer,  1966),  ceramic  powder  processing  (Lu  et  al., 
1985),  and  resolution  optimization  in  micellar  electrokinetic  chromatography 
(Vindevogel  and  Sandra,  1991).  Plackett-Burman  designs  were  also  used  in  the 
optimization  of  a  seven  component  light-duty  liquid  detergent  formulation  to  determine 
the  effects  on  five  different  properties  of  the  formulation  (Chan  and  Kavanagh,  1992). 
Jones  has  reviewed  the  Plackett-Burman  method  and  applied  it  to  the  silanization  of 
silica  (Jones,  1987a)  and  optimization  of  preparative  chromatography  (Jones,  1987b). 
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However,  the  use  of  Hadamard  matrix  in  the  Plackett  Burman  experimental  design  by 
these  investigators  was  primarily  for  estimating  main  effects  (linear  coefficients)  or 
optimization  assuming  a  linear  model.  The  assumption  of  a  linear  model  was  a  result  of 
the  incapability  of  the  Plackett-Burman  technique  for  estimation  of  interactions  in  their 
analysis.  Applicability  of  Hadamard  matrices  to  most  two-level  experiment  designs  for 
estimating  main  effects  as  well  as  interactions  was  shown  by  Diamond  (1981). 
Ordinarily,  the  estimation  of  the  linear,  quadratic  and  interaction  effects  in  a  five-factor 
system  at  two  levels  would  require  32  treatments  using  a  complete  factorial  design.  It 
will  be  shown  later  that  this  was  achieved  using  Hadamard  matrix  in  1 6  treatments. 

Design  of  conditioning  experiments 

As  mentioned  before,  anionic  conditioning  in  phosphate  flotation  is  influenced  by 
a  large  number  of  factors.  The  schematic  illustration  in  Figure  4.2  provides  an  exhaustive 
list  of  the  variables  that  may  have  an  influence  on  the  anionic  conditioning  process 
which,  to  a  large  extent,  determines  the  subsequent  flotation  performance. 

Selection  of  variables 

The  different  variables  that  influence  the  conditioning  performance  in  an 
industrial  circuit,  shown  in  Figure  4.2  can  be  broadly  divided  into  two  groups,  namely 
factors  and  constraints.  Factors  are  those  variables  which  can  be  monitored  and 
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controlled  in  practice  while  constraints  are  those  variables  over  which  the  operator  has 
little  or  no  control.  The  geometric  factors  such  as  tank  and  impeller  design  are  example 
of  such  constraints  because  these  are  determined  and  fixed  upon  setup  of  a  plant 
operation.  Other  factors  such  as  particle  size  distribution,  even  though  they  behave  as 
constraints,  nevertheless,  it  is  useful  to  know  their  effect  on  the  conditioning  operation,  if 
any.  The  temperature  at  which  the  operation  is  performed  is  also  a  constraint  since  it  is 
highly  uneconomical  in  practice  to  control  it  on  an  industrial  scale.  Thus  the  possible  list 
of  variables  that  are  important  from  a  practical  standpoint  are  listed  in  Table  4.1.  The 
importance  of  pH  in  flotation  practice  is  well  documented  especially  for  flotation  systems 
using  fatty  acid  as  the  collector  (Somasundaran  and  Ananthapadmanabhan,  1976).  The 
optimum  pH  for  conditioning  and  flotation  for  the  oleate  collector  system  is  reported  to 
be  around  pH  9  for  various  minerals.  This  was  attributed  to  the  maximum  adsorption  of 
collector  on  the  mineral  surface  and  presence  of  surface  active  species  in  solution 
(sodium-soap  complexes)  at  this  pH.  This  is  justified  by  the  industrial  practice  of 
conditioning  at  around  pH  9.  The  role  of  fuel  oil  is  not  clear  at  present,  however,  it  is 
known  that  it  acts  as  an  extender  for  the  collector  which  has  a  very  low  solubility  in 
water.  It  is  standard  practice  in  flotation  industries  to  keep  the  fatty  acid  to  fuel  oil  ratio 
constant.  The  fatty  acid  to  fuel  oil  ratio  is  used  to  regulate  the  viscosity  of  the  collector 
rather  than  to  control  the  conditioning  performance.  On  careful  inspection  it  is  foimd 
that  the  conditioning  intensity  is  intrinsically  included  in  the  Table  hydrodynamic  and 
kinetic  variables.  Thus  the  following  variables  were  selected  in  order  to  examine  their 
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Tank  geometry 
Impeller  geometry 
Impeller  placement 


FA  /  FO  ratio 
pH 

Collector  dosage 

^RFACE  CHEMISTR^ 
V..;|,__FA  C  T  O  RS^.,^ 


Conditioning  time 
Agitation  speed 
Temperature 


Feed  characteristics 
Mineralogy 
Particle  size  distribution 


ROUGHER 
FLOTATION 


Agitation  speed 
Solids  loading 
Conditioning  intensity 


Conditioning  efficiency  judged  by 
flotation  responses  such  as  recovery 
and  concentrate  grade 


Figure  4.2:  Schematic  showing  factors  affecting  anionic  conditioning  in  phosphate 

flotation 


Table  4. 1 :  List  of  variables  that  affect  anionic  conditioning  performance 


Variable  class 

Variable 

Surface  chemical  variables 

Collector  dosage 

pH 

FA/FO  ratio 

Kinetic  variables 

Conditioning  time 

Agitation  speed 

Hydrodynamic  variables 

Solids  loading 

Conditioning  intensity 
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effect  on  the  trends  in  conditioning  and  subsequent  flotation  performance: 

(1)  Collector  dosage 

(2)  Conditioning  pulp  density  (the  solids  loading) 

(3)  Agitation  speed 

(4)  Impeller  blade  width 

(5)  Conditioning  time 

The  levels  of  these  variables  were  selected  after  an  extensive  survey  of  the  current 
flotation  practice  in  eleven  flotation  circuits  in  the  Central  Florida  Mining  districts 
(Gruber,  1993).  Two  levels  of  each  variable  were  fixed  at  the  extreme  values  obtained  as 
a  result  of  the  plant  survey.  The  conditioning  variables  investigated  in  the  present  work 
along  with  their  levels  are  provided  in  Table  4.2. 
Experimental  responses 

The  performance  of  anionic  conditioning  was  evaluated  on  the  basis  of  the 
flotation  responses.  The  impeller  power  at  the  end  of  conditioning  was  also  measured  in 
order  to  determine  the  conditioning  intensity  and  conditioning  energy  required  for 
conditioning.  The  conditioning  intensity  and  energy  were  calculated  according  to  the 
following  relations: 


^  j.^.  „  Impeller  power  x  Conditioning 
LondiUonmg  energy,  E  =    —  — 

Volume  of  slurry 


Table  4.2  Conditioning  variables  and  their  levels  used  for  screening  tests 


Conditioning  variable 

Low  level  (-) 

High  level  (+) 

Collector  dosage,  kg/t 

0.5 

1.0 

Agitation  speed,  rpm 

350 

450 

Impeller  blade  width,  inch 

1/32 

1/16 

Conditioning  pulp  density,  wt% 

66 

72 

Conditioning  time,  min 

2 

9 
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^     ,                          ,       Impeller  power 
Conditioning  intensity,  I  =   

Volume  of  slurry 

Thus  the  following  responses  were  measured  experimentally: 

(1)  Impeller  power 

(2)  Phosphate  recovery 

(3)  Concentrate  grade 

(4)  Insol  recovery 

Hadamard  matrix  design 

A  Hadamard  matrix  of  order  m  is  am  xrt  matrix  Hn,  with  elements  -1  and  +1  such 

that 

H   hI    =         H     =    m  I 

m       fn  mm  m 

where  the  superscript  T  refers  to  the  transpose  of  the  matrix  and  I  is  a  unit  matrix.  The 
above  expression  is  equal  to  the  statement  that  every  two  rows  and  hence,  every  two 
columns  of  matrix  Hn,  are  orthogonal  (Agaian,  1985).  The  various  methods  of 
construction  of  Hadamard  matrices  have  been  reviewed  by  Agaian  (1985).  A  simple 
method  for  generating  the  Hadamard  matrix  (Diamond,  1981)  is  presented  here. 
In  order  to  investigate  the  effects  of  the  five  conditioning  variables  upon  the  four 
responses  a  two  level  16x16  Hadamard  matrix  was  used.  The  initial  vectors  used  for 
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cyclically  generating  Hadamard  matrices  were  originally  determined  from  group  theory, 
an  explanation  of  which  is  beyond  the  scope  of  this  work.  The  size  of  the  vector  specifies 
the  size  of  the  experiment;  e.g.  a  8  x  8  matrix  specifies  T  =  8  treatments  or  trials  and  is 
useful  for  up  to  T  -  1  =  7  variables  at  two  levels  for  each  variable.  Thus  a  16  x  16  matrix 
is  good  for  up  to  15  variables  at  two  levels  if  only  the  main  effects  are  to  be  estimated. 
However,  the  use  of  a  16  x  16  matrix  for  only  5  variables  enabled  the  estimation  of  the 
main  effects  as  well  as  most  of  the  useful  interactions.  All  the  second  order  interactions 
and  most  of  the  third  order  interactions  were  estimated. 

The  primary  vector  for  cyclically  generating  the  matrices  is: 

T  =  \6,    +  +  +  +  -  +  -  +  +  --  +  --  - 

The  vector  forms  the  first  column  of  the  matrix.  The  second  column  is  obtained  by 
shifting  the  first  column  downwards  cyclically  one  place.  Similar  cyclic  shifting  of  the 
second  column  gives  the  third  column  of  the  matrix.  The  complete  matrix  is  generated  by 
shifting  a  column  downwards  cyclically  one  place  fifteen  times  and  adding  a  final  row  of 
minus  signs.  The  rows  of  the  matrix  may  be  taken  as  referring  to  treatments  and  the 
columns  to  variables.  According  to  the  authors  of  the  original  paper  (Plackett  and 
Burman,  1946),  as  many  columns  can  be  selected  from  this  design  as  there  are  variables 
in  the  experiment.  For  example,  in  a  five  variable  study,  the  first  five  columns  would 
give  a  matrix  which  is  provided  in  Figure  4.3.  The  plus  signs  denote  the  variables  at  their 
extreme  (high)  level  and  the  minus  signs  denote  the  nominal  (low)  levels  of  the  variables. 
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However,  as  mentioned  before,  such  a  design  for  five  variables  would  provide  only  an 
estimation  of  the  main  effects.  It  was  shown  by  Diamond  (1981)  that  a  W  trial  can  be 
used  to  estimate  the  main  effects  as  well  as  all  the  interactions  of  N  variables,  i.e.  can  be 
used  as  a  full  factorial  design  for  N  variables.  The  columns  beyond  N  determine  the 
interactions  as  shown  in  Figure  4.4  for  a  16-trial  matrix.  The  use  of     trial  for  N+1 
variables,  as  in  the  present  work,  by  confounding  the  4  factor  interaction  with  the  fifth 
variable  is  described  by  Diamond  (1981).  The  various  interactions  denoted  by  the 
column  numbers  are  shown  in  Table  4.3. 


Analysis  of  Hadamard  Matrix  designs 


The  responses  from  the  trials  (treatments)  are  placed  in  the  corresponding  row 
with  the  appropriate  sign  as  indicated  in  Figure  4.4.  Thus  the  results  are  in  the  form: 
response  of  trial  1  =  r,  in  row  1,  response  of  trial  2  =  rj  in  row  2, . . ,  response  of  trial  16 
=  r,6  in  row  16.  In  order  to  evaluate  the  effect  of  variable  3  for  example,  consider  the 
column  3.  It  is  to  be  noted  that  the  responses  appear  with  a  positive  sign  (see  Figure  4.4) 
in  rows  3,  4,  5,  6,  8,  10,  1 1  and  14;  and  with  a  negative  sign  in  rows  1,2,  7,  9,  12,  13,  15 
and  16.  Then  the  best  estimate  of  the  contribution  (main  effect)  of  variable  3  to  the 
response  due  to  a  shift  in  its  value  is  given  by: 

ni5  =  (r3+r4+r5+r6+r8+rio+r,  i+r,4-r,-r2-r7-r9-r,2-r,3-r,5-r,6)/l  6 
The  positive  sign  indicates  an  experimental  response  when  the  variable  3  is  at  its  extreme 
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+  +  -  -  - 

+  +  +  -  - 

+  +  +  +  - 

-  +  +  +  + 
+  -  +  +  + 

-  +  -  +  + 
+  -  +  -  + 
+  +  -  +  - 

-  +  +  -  + 

-  -  +  +  - 
+  -  -  +  + 

-  +  -  -  + 


Figure  4.3:  First  five  columns  generated  from  a  16  trial  (15  variable)Placket-Burman 

design  matrix 
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1      2      3      4      5      6      7  8      9     10    11     12    13     14  15 

+    --    --    +-  -    +    +    -    +    -    +  + 

+    +    --    --    +  --    +    +    -    +    -  + 

+  +  +  --  --  +  --  +  +  -  +  - 
+    +    +    +    --    --    +    --    +    +    -  + 

-  +  +  +  +  --  --  +  --  +  +  - 
+    -    +    +    +    +    --    --    +    --    +  + 

-  +  -  +  +  +  +  --  --  +  --  + 
+  -  +  -  +  +  +  +  --  --  +  -- 
+    +    -    +    -    +    +  +    +    --    --    +  - 

-  +  +-  +-  +  +  +  +  --  --  + 
--  +  +  -  +  -  +  +  +  +  --  -- 
+    --    +    +    -    +  -    +    +    +    +    --  - 

-  +  --  +  +  -  +  -  +  +  +  +  -- 
--+--  +  +  -  +  -  +  +  +  +  - 
---  +  --  +  +  -  +  -  +  +  +  + 
----+--  +    +    -    +    -    +    +  + 


Figure  4.4:  16  trial  Hadamard  matrix  for  estimating  the  main  effects  and  interaction  in  a 

4  variable  experiment 


73 


Table  4.3:  Main  effects  and  interactions 


Column  No. 

Effect/interaction 

1 

A 

2 

B 

3 

C 

4 

D 

5 

AD 

6 

BC 

7 

CD 

8 

ABD 

9 

AC 

10 

BD 

11 

ABC 

12 

BCD 

13 

ABCD  =  E 

14 

ACD 

15 

AD 
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level  while  the  negative  sign  indicates  a  response  when  the  variable  3  is  in  its  nominal 
level.  The  first  five  columns  are  used  to  estimate  the  main  effects  of  the  five  variables. 
Thus  the  main  effect  of  the  variable  3  is  essentially  the  difference  between  the  mean 
responses  when  the  variable  3  is  at  the  nominal  and  extreme  values.  The  responses  of 
replicates  are  added  in  a  similar  fashion  and  the  divisor  is  32  in  these  cases. 

In  order  to  find  the  significance  of  the  effects  and  interactions,  standard  statistical 
methods  apply.  The  mean  effects  of  the  variables  is  compared  with  the  proper 
significance  criterion  to  make  a  decision  about  the  difference  in  the  means  at  the  two 
levels.  The  criterion  is  given  by  the  following  equation  when  the  population  variance  is 
known: 

1^..,.  -^io.\*  =  u,oslm  +  l/g  (4.3) 

where,  Ua  is  the  standard  normal  deviate  associated  with  the  a  error  and  o  is  the 
population  standard  deviation.  However,  if  the  variance  is  unknown  as  in  the  present 
case,  the  sample  variance  is  used  in  place  of  the  population  variance  and  a  t-distribution 
of  the  variance  is  assumed  instead  of  the  normal  distribution  (Diamond,  1981,  Stowe  and 
Mayer,  1966).  The  criterion  for  significance  in  the  determination  of  mean  effects  of  the 
conditioning  variables  is  given  below: 

1^....  -^wl*  -t^s^Jmrrm  (4.4) 

where  t„  is  the  t  deviate  associated  with  the  a  error  and  S  is  the  sample  standard 
deviation.  The  number  8  inside  the  square  root  sign  is  the  number  of  times  each  variable 
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appears  in  the  design  at  the  extreme  or  nominal  level.  It  is  to  be  noted  that  in  each 
column  of  the  design  the  number  of  nominal  and  extreme  levels  are  equal,  i.e.  the 
number  of  plus  and  minus  signs  are  equal. 

Statistical  Optimization 

Experimental  optimization  of  chemical  reactions  has  always  been  of  strong 
economic  concern  to  chemical  engineers  and  industrial  mathematicians  (Beveridge  and 
Schecht,  1970).Theoretically,  the  behavior  of  any  experimental  system  is  governed  by 
ascertainable  laws,  and  it  should  be  possible  to  determine  optimum  conditions  by 
applying  such  laws.  In  practice,  however,  the  underlying  mechanisms  of  the  system  are 
frequently  so  complicated  that  an  empirical  approach  is  necessary.  Any  attempt  to 
optimize  a  multi-variable  system  showing  interaction  among  the  variables,  by  trial  and 
error  methods  is  unlikely  to  succeed.  The  alternative  is  to  assume  a  model  of  each 
conditioning  response  (in  this  case  flotation  response)  and  use  mathematical  methods  to 
optimize  the  overall  system.  In  such  complex  systems  it  is  unlikely  that  all  property 
models,  if  any,  will  be  linear,  and  it  will  be  necessary  to  use  quadratic  and  transformation 
models  for  at  least  some  properties  (Steinle  et  al.,  1971).  However,  a  large  number  of 
experiments  are  required  to  determine  linear,  quadratic  and  interaction  effects  for  each 
component,  and  the  non-linear  optimization  techniques  required  to  obtain  an  optimum 
formula  are  difficult. 
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The  following  sections  describe  the  statistical  method  of  determination  of 
optimum  conditions  in  an  experimental  system.  The  problem  of  determining  the 
optimum  performance  of  a  process  or  product  arises  when  the  quantitative  effect  of  the 
variations  in  factors  are  not  known.  The  general  problem  of  experimentally  optimizing  a 
function  of  several  variables  was  stated  by  Hotelling  (1941)  and  discussed  by  Friedman 
and  Savage  (1947)  who  presented  a  sequential  one-factor-at-a-time  optimization 
procedure.  Box  and  Wilson  (1951)  showed  that  many  factors  can  be  varied  at  the  same 
time  to  arrive  at  and  track  the  optimum,  thus  establishing  the  foundations  of  the 
"evolutionary  operation"  (EVOP)  procedure  (Box,  1957).  EVOP  techniques  were 
designed  to  analyze  the  results  of  small  variations  in  the  operating  conditions  of 
industrial  processes.  Because  of  the  accompanying  small  changes  in  response,  many 
measurements  are  required  to  obtain  a  statistically  valid  decision  as  to  the  best  direction 
to  move  to  reach  the  optimimi.  The  "path  of  steepest  ascent"  and  the  "method  of  local 
exploration"  are  examples  of  such  techniques.  A  more  efficient  method  of  optimization, 
the  "sequential  simplex"  method,  was  first  presented  by  Spendley  et  al.  (1962)  and  later 
applied  to  analytical  chemistry  by  Long  (1967).  This  method  does  not  use  traditional 
testing  of  significance  and  is  therefore  faster  and  sunpler  than  the  previous  methods. 
However,  this  method  cannot  be  effectively  applied  to  systems,  where  data  acquisition  is 
slow,  since  the  set  of  experimental  conditions  is  decided  by  the  responses  of  the  previous 
experiment.  Experimental  designs  are  used  to  enable  efficient  and  economic 
determination  of  optimum  conditions. 
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Definitions  of  terms 

A  brief  definition  of  the  terms  used  in  this  chapter  is  presented  in  the  following 
sections. 
Factors 

Process  variables  which  affect  the  performance  of  an  experimental  system  are 
defined  as  factors.  The  levels  of  k  factors  or  process  variables  such  as  conditioning  pulp 
density,  agitation  speed,  conditioning  time  etc.  will  be  denoted  by  X/,  x^, .  .  .     :  thus  Xj 
may  refer  to  the  level  of  conditioning  pulp  density,  X2  to  the  agitation  speed  and  so  on. 
Response 

The  response  is  an  experimentally  determined  measure  of  the  performance  of  the 
system.  In  this  particular  investigation  the  response  was  the  phosphate  recovery,  the 
impeller  power  etc.  which  were  either  measured  directly  or  calculated  from  measured 
data.  The  true  level  of  the  response  corresponding  to  any  particular  combination  of  factor 
levels  is  denoted  by  rj ,  and  the  object  is  to  maximize  t].  The  true  response  is  the 
hypothetical  value  which  would  be  obtained  in  the  absence  of  experimental  error.  The 
occurrence  of  experimental  error  which  has  a  variance     results  in  an  observed  response 
for  the  particular  combination  of  factor  levels  y,  which  differs  from     the  true  response. 
Response  surface 

A  mathematical  function  (J),  of  x,,  x,, .  .  .  x^t ,  the  value  of  which  for  any  given 
combination  of  factor  levels  supplies  the  corresponding  value  of the  true  response,  is 
called  the  response  function. 
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77  -  (j)  (    X,,  X2,  .  .  .X^) 

It  is  convenient  to  visualize  the  relationship  between  response  and  the  factor  levels 
geometrically.  Just  as  the  relation  t]=^(  x,)  between    and  the  levels  of  a  single 
factor  X,  may  be  represented  by  a  curve,  so  the  relation  between  rj  and  two  factors  x, 
and  X2  may  be  represented  by  a  surface  called  response  surface.  A  model  of  such  a 
surface,  in  which     is  the  solids  loading  and     is  the  conditioning  time  and  t],  the 
phosphate  recovery  is  shown  in  Figure  4.5.  Thus,  a  model  involving  three  independent 
variables,  as  in  the  case  of  the  present  study,  would  require  four  dimensions  to 
geometrically  represent  the  response.  The  task  is  simplified  by  fixing  one  variable  and 
plotting  response  surfaces  as  a  function  of  the  other  two  variables. 
Experimental  designs  for  statistical  model 

This  section  deals  with  the  problem  of  finding  the  best  operating  conditions  for  a 
process  by  maximizing  some  feature  such  as  the  flotation  recovery  or  the  concentrate 
grade  or  minimizing  the  insol  recovery.  The  response  surface  methodology  was  used  to 
determine  the  optimum  conditions  for  anionic  conditioning  in  order  to  obtain  optimal 
reagent  mixing  and  high  phosphate  recovery  in  the  subsequent  flotation  step.  A  second 
order  model  was  chosen  to  approximate  the  true  response  surface  representing  the 
phosphate  recovery.  Generally,  when  the  experimental  conditions  are  relatively  close  to 
the  optimum  conditions,  a  model  of  degree  2  or  higher  is  usually  required  to  approximate 
the  response  because  of  the  curvature  in  the  true  surface.  In  this  case  the  second  order 


Figure  4.5:  Response  surface  in  a  two  variable  model 
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model 

y  =  Po  -  E  P.   -  E  P..    -  E  E  P,  (4-5) 

1=1  1=1  i  J 

was  found  to  be  an  adequate  approximation.  The  analysis  of  the  fitted  second  order 
response  surface  is  often  done  by  canonical  transformation  of  the  axes  and  is  called  the 
canonical  analysis  [Cochran  and  Cox,  1966]. The  response  surface  is  most  efficiently 
fitted  if  proper  attention  is  given  to  the  choice  of  experimental  design.  An  experimental 
design  for  fitting  a  second  order  model  should  have  at  least  three  levels  of  each  factor  so 
that  the  model  parameters  can  be  estimated  [Cochran  and  Cox,  1966]. 
Rotatable  central  composite  design 

The  preferred  class  of  experimental  designs  for  second  order  models  is  the  class 
of  rotatable  designs.  An  experimental  design  is  said  to  be  rotatable  if  the  variance  of  the 
predicted  response  jk  at  any  point  x  in  the  design  is  a  function  only  of  the  distance  from 
the  center  of  the  design  and  not  the  direction.  This  implies  that  the  variance  contours  are 
concentric  spheres  around  the  center  of  the  design.  In  other  words,  the  variance  of  the 
response  y  is  unaffected  if  the  design  is  rotated  about  the  center,  hence  the  name 
rotatable. 

Several  other  rotatable  designs  that  are  useful  for  problems  involving  two  or  three 
variables  are  reported  in  literature  [Box  and  Wilson,  1959].  These  designs  consist  of 
points  equally  spaced  on  a  circle  (k  =  2)  or  a  sphere  (k  =  3)  and  are  regular  polygons  or 


Figure  4.6:  Rotatable  central  composite  design  for  3  variables 
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polyhedrons.  Such  arrangements  are  often  called  equiradial  designs  since  the  points  are 
equidistant  from  the  origin.  The  most  widely  used  design  for  fitting  second  order  model 
is  the  central  composite  design.  These  designs  consist  of  a  2*  factorial  or  fractional 
factorial  augmented  by  2k  axial  points  and  no  center  points.  A  central  composite  design 
for  k=3  is  shown  in  Figure  4.6.  The  central  composite  design  is  made  rotatable  by  the 
choice  of  a,  the  co-ordinates  of  the  axial  points.  The  value  of  a  for  rotatability  depends 
on  the  number  of  points  in  the  factorial  portion  of  the  design.  In  general  a  =  F"'*  yields  a 
rotatable  central  composite  design  where  F  is  the  number  of  points  used  in  the  factorial 
portion  of  the  design.  In  the  present  investigation,  the  effect  of  three  factors  were 
modeled,  hence  the  factorial  portion  contained  F  =  2^  =  8  points.  Thus  the  value  of  a  for 
rotatability  is  a  =  8"''  =  1.68  was  used. 
Estimation  of  model  coefficients 

The  principle  of  least  squares  was  used  to  estimate  the  coefficients  bj,  bji  and  by  in 
equation  4.1.  The  sum  of  squares  of  the  differences  between  the  observed  and  predicted 
values,  S  is  minimized  by  choosing  the  coefficients  bj,  such  that  the  following  equations 
(called  the  Normal  equations)  are  satisfied: 

Cnbo  +  C,2b,  +  C,3b2  +  ....  +  C,,obi3  =  Cy, 

Ci2bo  +  C22b]  +  C23b2  +  ....+  C2iobi3  =  Cy2 

Ciiobo    C2iobi  +  C3iob2  +  .  .  +  Cioiobn  =  Cyio 
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The  coefficients  Ci,,  C22  etc.  are  the  sums  of  squares  of  the  elements  in  each  column  of 
the  design  matrix.  The  coefficients     (I<  j)  are  the  sums  of  the  products  of  corresponding 
elements  of  the  ith  and  jth  columns.  The  quantities  C^j  on  the  right  hand  side  are  the  sums 
of  products  between  the  observed  response  and  the  independent  variables.  The 
symmetrical  array  of  coefficients 

Cu  C|2  C|3  ....  Cjio 
C12  C22   C23   ....  C210 


Clio  C102  C103   .  .  Cioio 

is  called  the  C-matrix.  The  normal  equations  were  solved  by  finding  the  inverse  of  the  C- 
matrix.  The  inverse  matrix  was  multiplied  with  the  product  vector  on  the  right  hand  side 
of  the  normal  equations,  to  obtain  the  coefficients.  Physically,  the  coefficients,  a.y  signify 
the  interactions  between  the  variables  /  and j.  Thus,  for  example,  the  coefficient  a,2  would 
be  an  estimation  of  the  interaction  between  variable  1  and  variable  2,  and  the  coefficient 
a22  estimates  the  second  order  effect  of  variable  2.  Similarly,  the  coefficients  a^  are 
estimations  of  the  main  effects  of  the  ith  variable  on  the  response  y. 
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Visualization  of  responses 

Examination  of  the  coefficients  of  the  second  degree  equation  does  not  reveal  any 
information  of  the  nature  of  the  response  represented  by  the  surface.  Further,  when  the 
number  of  the  variables  is  greater  than  three,  geometrical  illustration  is  not  possible  and 
canonical  reduction  is  required  for  greater  appreciation  of  the  fitted  model.  Geometrical 
representation  of  the  response  surface  in  a  model  with  three  variables  is  usually  done  by 
plotting  iso-contour  surfaces  which  is  a  loci  of  all  points  of  equal  response  in  the 
experimental  region.  Iso-contour  surfaces  were  obtained  fi"om  the  fitted  model  by 
substituting  numerical  values  for>'  in  equation  4.1  and  obtaining  the  solution  set  of  co- 
ordinates x,y,z  which  satisfied  the  equation  within  the  constrained  region.  The  levels  of 
the  factors  were  used  as  the  constraints.  The  constrained  maximum  was  obtained 
numerically.  The  iso-contour  surfaces  shown  m  Figure  4.7  are  quadratic  surfaces 
representing  various  levels  of  phosphate  recovery. 
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Figure  4.7:  Iso  contour  surfaces  representing  conditions  of  optimum  response 


CHAPTER  5 
ANIONIC  CONDITIONING 


Introduction 

The  important  variables  that  influence  the  reagent  adsorption  during  anionic 
conditioning  and  subsequent  flotation  were  examined  in  a  statistically  designed  study  for 
four  different  phosphate  feeds.  Five  conditioning  variables  were  selected  for  the  bench 
scale  conditioning  experiments  in  order  to  determine  their  effects  on  conditioning  and 
flotation  performance.  The  conditioning  performance  was  characterized  by  parameters 
such  as  the  conditioning  intensity  and  conditioning  energy,  calculated  from  the  impeller 
power  measured  during  conditioning.  The  flotation  performance  was  evaluated  on  the 
basis  of  responses  such  as  the  phosphate  and  insol  recovery  and  the  concentrate  grade. 

Selection  of  conditioning  variable  levels 

Kinetic  and  hydrodynamic  variables 

The  selection  of  the  working  range  of  kinetic  and  hydrodynamic  variables  such  as 
the  conditioning  time,  the  solids  loading  and  the  agitation  speed  were  based  on  a 
knowledge  of  the  current  practice  in  the  phosphate  flotation  industry  in  the  Central 
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Florida  mining  districts.  The  high  and  low  levels  of  solids  loading  during  conditioning 
and  the  conditioning  time  used  in  this  study  correspond  to  the  extreme  values  used  in  the 
industry,  according  to  a  survey  of  eleven  flotation  circuits  in  the  phosphate  beneficiation 
industry  in  Florida  (Gruber,  1993).  The  operational  range  in  the  industrial  circuits 
reported  in  the  survey  are  listed  in  Table  5.1. 
Geometric  variables 

A  survey  of  the  agitated  tanks  used  for  conditioning  phosphate  flotation  feed  with 
anionic  reagents  (Gruber,  1993)  indicated  wide  ranges  in  mechanical  data  such  as  tank 
and  impeller  dimensions,  impeller  configuration,  and  impeller  speed.  The  survey 
revealed  a  variability  in  conditioning  practice  that  demonstrated  extreme  ranges  in 
mechanical  parameters,  all  of  which  gave  results  considered  acceptable  by  the  industry. 
The  data  collected  were  used  to  establish  a  basis  for  designing  agitation  systems  for 
conditioning.  The  geometric  dimensions  of  the  impeller  agitation  system  is  provided  in 
Table  5.2. 

Surface  chemistry  variables 

The  range  of  surface  chemical  variables  that  effect  the  conditioning  and 
subsequent  flotation  process,  such  as  the  pH  and  the  collector  dosage  were  carefully 
selected  in  order  to  simulate  the  industrial  scale  process  as  well  as  to  eliminate  possible 
chemical  effects. 
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Table  5.1:  Operational  data  from  stirred  tank  conditioners  in  phosphate  beneficiation 

plants 


Circuit 
No.* 

pH 

Solids 
loading 
wt% 

Conditioning 
time 
sec 

Froude 
Number 

Power 
number 

06 

9.2 

65.3 

522 

20047  -  43290 

2.01  -6.38 

13 

9.5 

71.8 

102 

48466 

1.89 

16 

7.4 

70.5 

330 

97294 

0.11 

17 

10.0 

73.0 

162 

31746 

2.89 

19 

8.1 

72.5 

360 

26860 

1.84 

21 

9.7 

72.7 

210 

9191 

1.23 

26 

9.0 

68.8 

216 

67081 

0.77 

30 

9.4 

73.3 

120 

67081 

0.76 

41 

9.3 

69.0 

138 

29519  -  38773 

2.50-4.71 

44 

8.9 

70.7 

210 

37789-42512 

1.70-1.89 

60 

9.4 

70.7 

192 

8765  -  12052 

1.70-3.59 

*  The  labeling  of  the  author  in  the  original  report  is  used  here 
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Selection  of  pH 

The  surface  chemical  variables  such  as  the  collector  dosage  and  the  pH  were  also 
selected  based  on  the  current  industrial  practice.  Keeping  in  mind  that  the  conditioning 
pH  for  circuits  which  used  fatty  acid- fuel  oil  mixture  as  the  collector  varied  from  8. 1  to 
10.0  (see  Table  6.1),  the  operational  pH  was  fixed  at  9.1±0.1.  Further,  it  has  been  shown 
that  in  fatty  acid  based  collector-mineral  systems,  the  optimum  surface  activity  is 
observed  at  pH  9.0. 
Selection  of  collector  dosage 

The  flotation  performance  was  examined  at  various  collector  dosages  under  fixed 
conditioning  intensity  and  conditioning  energy  for  all  the  four  phosphate  feeds.  The 
solids  loading  during  conditioning,  the  agitation  speed  and  the  conditioning  time  were 
fixed  for  these  tests.  The  conditioning  intensity  and  energy  depended  on  the  nature  of  the 
feed  but  were  constant  for  a  particular  feed.  Collector  dosages  from  0.35  to  1.5  kg/ton 
were  investigated.  The  phosphate  flotation  recovery  and  the  concentrate  grade  for  the 
four  feeds  is  shown  in  Figure  5.1  as  a  function  of  the  collector  dosage.  Such  reagent 
performance  curves  obtained  at  constant  conditioning  intensity  and  energy  are  reported  in 
literature  for  many  minerals.  In  such  cases,  typically,  the  increase  in  flotation  phosphate 
recovery  with  collector  dosage  is  accompanied  by  a  decrease  in  concentrate  grade.  Use  of 
such  reagent  performance  curves  for  designing  process  flowsheets  is  well  known.  For 
example,  in  rougher  flotation  of  phosphate  minerals,  the  process  is  designed  for 
maximum  recovery  by  selecting  a  high  collector  dosage,  thus  making  a  cleaner  flotation 
step  necessary  to  improve  the  concentrate  grade.  Phosphate  flotation  recovery  of  over  90 


Figure  5.1:  Reagent  performance  curves  for  phosphate  feeds 


Table  5.2:  Dimensions  of  the  agitation  system  used  for  conditioning 


Factors 

Dimensions 

Thrust 

Upcast 

Impeller  diameter 

9.373  cm 

Paddle  area 

19.419  sq  cm 

Pitch 

40" 

Off  bottom  clearance 

1.270  cm 

Vessel  diameter 

12  cm 

Fluid  depth 

6  cm 

Blade  width 

0.318  cm 
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wt%  was  obtained  with  1.0  kg/ton  collector  dosage  beyond  which  no  further  increase  was 
observed.  However,  a  corresponding  decrease  in  grade  was  observed  with  increasing 
collector  feeds  at  a  dosage  of  1 .0  kg/ton.  The  highest  grade  was  obtained  at  collector 
dosages  varying  from  0.35  to  0.4  kg/ton  depending  on  the  feed.  Typically,  concentrate 
grades  analyzing  over  30  wt%  P2O5  were  obtained  at  flotation  recoveries  of  60  wt%  or 
less,  at  collector  dosages  of  0.35  -  0.50  kg/ton  for  all  feeds.  Alternatively,  the  concentrate 
grades  obtained  when  the  flotation  recovery  was  over  80  wt%  using  collector  dosages  of 
1 .0  -  1 .2  kg/ton,  were  generally  less  than  25  wt%  P2O5.  Thus  the  low  level  of  collector 
dosage  was  fixed  at  0.5  kg/ton  corresponding  to  high  grade  and  the  high  level  of  1.0 
kg/ton  was  chosen  for  high  recovery. 

Screening  of  conditioning  variables 

The  trends  that  govern  the  reagent  adsorption  behavior  during  anionic 
conditioning  and  subsequent  flotation  performance  were  examined  in  a  statistically 
designed  study  .  The  following  five  variables  were  evaluated  for  their  effect  on 
conditioning  and  flotation  responses: 

(1)  Collector  dosage 

(2)  Agitation  speed 

(3)  Impeller  blade  width 

(4)  Solids  loading  during  conditioning 

(5)  Conditioning  time 


93 


Effect  of  conditioning  variables  on  flotation  responses 

Three  flotation  responses,  namely  the  phosphate  flotation  recovery  ,  the 
concentrate  grade  and  the  insol  recovery  were  measured  at  the  end  of  flotation  tests  in 
order  to  examine  the  trends  that  determine  the  reagent  adsorption  behavior  during  anionic 
conditioning.  The  effects  of  five  conditioning  variables  were  estimated  using  a  Hadamard 
matrix  design  (described  in  Chapter  4)  in  an  effort  to  identify  important  variables  that 
affect  the  conditioning  and  subsequent  flotation. 
Effect  on  flotation  recovery 

The  flotation  recovery  data  for  the  four  feeds  are  provided  in  Table  5.3.  It  is 
evident  that  the  different  feeds  show  different  flotation  behavior  even  when  the 
conditioning  variables  and  their  levels  used  for  reagent  adsorption  onto  the  particles  are 
similar.  Each  treatment  is  replicated  twice  and  an  estimate  of  sample  variance  is  obtained 
for  each  feed.  The  16-trial  design  was  used  to  estimate  the  main  effects  of  all  five 
variables  tested  as  well  as  all  the  two  and  three  order  interactions  of  four  variables.  The 
fourth  order  interactions  were  neglected.  For  the  fifth  variable,  namely,  the  conditioning 
time,  only  the  main  effect  was  estimated.  However,  it  will  be  shown  that  the  estimation 
of  the  two  and  three  order  interactions  of  the  fifth  variable  was  possible  by  removing  the 
insignificant  variable  and  rearranging  the  matrix  to  obtain  a  4  variable  full  factorial 
design. 
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Table  5.3:  Flotation  recovery  of  phosphate  feeds 


Trial  Flotation  recovery,  wt% 


No.  - 

Feed  A 

Feed  B 

Feed  C 

Feed  D 

1 

87.0,  84.1 

83  8  64  6 

75.4,  89.8 

70  0  76  5 

2 

89  1  88  0 

61  2  76  6 

82.7,  92.7 

69  6  73  6 

3 

91.1,  90.1 

77.4,  82.9 

88  4  91  6 

82.5,  79.9 

4 

91.7,  60.4 

74  0  72  4 

87  1  88  7 

68  7  70  9 

5 

80  2  73  9 

74  6  55  2 

77  9  82  7 

6 

90  4  88  8 

82  9  87  4 

87  0  88  5 

78  2  37  1 

7 

83.5,  85.4 

60.8,  67.7 

78.8,  87.3 

55.1,46.8 

8 

86.6,  72.9 

64.5,  77.3 

75.9,71.3 

68.2,  65.3 

9 

90.1,  89.5 

81.8,  86.8 

86.8,  88.8 

75.2,  78.3 

10 

19.9,  8.6 

65.8,  65.1 

65.6,  73.1 

57.9,  67.6 

11 

62.0,  82.3 

43.9,  80.4 

74.8,  80.4 

50.3,  55.9 

12 

89.3,  89.7 

77.1,  84.5 

80.5,  93.1 

80.1,  74.0 

13 

73.0,  80.4 

73.5,  82.8 

83.3,  78.7 

72.8,  73.6 

14 

80.1,  80.9 

68.4,  83.6 

80.9,  59.1 

68.0,  69.9 

15 

85.0,  86.7 

64.3,  77.2 

81.9,  77.4 

65.4,  71.8 

16 

7.0,  12.9 

51.9,  51.6 

58.0,  65.3 

71.3,62.0 
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Table  5.4:  Results  of  t-test  on  flotation  recovery  data 


Feed  A 

FeedB 

FeedC 

FeedD 

Initial 
(I) 

Repeat 

(r) 

Initial 
(I) 

Repeat 
(r) 

Initial 
(I) 

Repeat 
(r) 

Initial 
(I) 

Repeat 
(r) 

N 

16 

16 

16 

16 

16 

16 

15 

15 

75.4 

73.4 

69.1 

74.8 

79.1 

81.8 

68.9 

66.9 

o 

25.5 

25.7 

11.2 

11.0 

8.1 

10.3 

9.0 

12.0 

* 

S.E. 

6.4 

6.4 

2.8 

2.7 

2.0 

2.6 

2.3 

3.1 

95% 
C.I. 

(-16.5,  20.5) 

(-13.7,  2.4) 

(-9.4,  4.0) 

-6.0, 

t 

0.22 

-1.44 

-0.83 

0.52 

P 

0.83 

0.16 

0.41 

0.61 

D.F. 

29 

29 

28 

25 

where 

N  =  number  of  treatments 

\i  =  arithmetic  mean 

o  =  standard  deviation 

S.E.  =  standard  error  of  means 

C.  I.  =  confidence  interval 

t  =  t-deviate  associated  with  the  a  error  i.e.  stating  that  the  sample  mean  is 

different  that  some  number  when,  in  fact,  this  statement  is  false 

p  =  computed  probability 

D.  F.  =  degrees  of  freedom 
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Table  5.5:  Main  effects  and  interaction  of  conditioning  variables  on  the  flotation 

recovery  of  phosphate  feeds 


X  rCallllCllL^ 

I7apn  A 

FppH  R 

£  ecu  U 

Feed  C 

Feed  D 

A 
r\ 

47  11 

21  on 

20  42 

15  49 

T> 
D 

1  88 

11  86 

J.  XaOU 

25 

c 

I  ,  \.\J 

-3  41 

-7  47 

T\ 
iJ 

13  74 

-10  62 

AR 

v.OU 

4  19 

0  55 

-6  78 

7  1 1 

2  59 

-12  09 

rn 

Q  77 

8  53 

0.-/-/ 

-1  59 

4  86 

ARD 

-7  SI 

1  76 

-1  66 

0  55 

AC 

1.10 

0.56 

-0.62 

4.13 

BD 

6.03 

7.95 

8.23 

1.05 

ABC 

30.17 

6.67 

7.78 

2.24 

BCD 

29.42 

4.01 

1.75 

10.35 

E 

40.26 

19.00 

7.85 

12.19 

ACD 

4.84 

1.14 

2.28 

-9.75 

AD 

34.41 

-9.69 

5.53 

-4.86 

Significance 

26.84 

11.84 

9.65 

10.62 

criterion 


A  =  Collector  dosage 

B  -  Agitation  speed 

C  =  Impeller  blade  width 

D  =  Solids  loading  during  conditioning 

E  =  Conditioning  time 


Numbers  in  bold  denote  significant  factors 
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Students  t-test  for  reproducibility 

In  order  to  test  for  the  reproducibility  of  the  replicate  tests,  a  t-test  was 
performed  on  the  two  sets  of  samples  i.e.  the  baseline  tests  and  its  replicates.  The  results 
of  the  t-test,  shown  in  Table  5.4  indicate  that  there  is  no  significant  difference  between 
the  means  of  the  initial  experiments  and  their  repeats  at  a  95%  confidence  interval  (a  = 
0.05).  The  t  value  determined  for  each  set  of  samples  is  are  lesser  than  2.04,  the  t  value 
required  for  a  pair  of  samples  to  be  significantly  different  at  a  95%  confidence  interval.  It 
can  be  seen  that  feed  A  shows  a  large  standard  deviation  in  results  which  is  also  evident 
in  the  broader  confidence  interval  for  prediction  of  means.  The  probability,  p  of  the 
sample  means  lying  outside  the  confidence  interval  is  greater  than  0.05  for  all  the 
samples,  indicating  once  that  the  means  of  the  repeats  are  not  significantly  different  fi-om 
the  initial  experiments. 
Main  effects  of  conditioning  variables 

The  results  of  the  analysis  of  the  Hadamard  matrix  design  on  the  flotation 
recovery  of  phosphate  feeds  are  shown  in  Table  5.5.  The  main  effects  of  all  the  variables 
were  estimated.  The  criterion  for  testing  significance  was  calculated  using  equation  4.1. 
The  values  of  the  significance  criterion  for  each  feed  is  provided  in  Table  5.5.  The 
collector  dosage  was  found  to  be  the  most  significant  variable  affecting  the  flotation 
recovery  of  the  phosphate  feeds.  Of  the  hydrodynamic  variables,  the  influence  of  solids 
loading  during  conditioning  was  found  to  predominate  compared  to  the  agitation  speed 
used  for  three  feeds.  The  conditioning  time  was  also  found  to  significantly  affect  the 
phosphate  flotation  recovery  for  three  of  the  four  feeds.  The  variables  which  were  found 


98 


Table  5.6:  Significant  variables  affecting  the  phosphate  flotation  recovery  of  feeds 


Feed 

^  1  om  fi  f*  ?i  n  t 
oi^iiiiiwcuii 

variables 

Mean  recovery  at  different  levels  of 
significant  variables,  wt% 

Low  level 

High  level 

A 

Collector  dosage 

62.6 

86.2 

Solids  loading 

75.2 

83.1 

Conditioning  time 

64.3 

84.5 

B 

Collector  dosage 

66.7 

77.2 

Conditioning  time 

67.2 

76.7 

C 

Collector  dosage 

75.3 

85.8 

Agitation  speed 

77.5 

83.4 

Solids  loading 

77.0 

83.9 

D 

Collector  dosage 

63.5 

71.8 

Solids  loading 

70.5 

64.9 

Conditioning  time 

64.8 

71.4 
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evident  that  the  impeller  blade  width  (variable  C)  did  not  significantly  affect  the 
phosphate  flotation  recovery.  Higher  flotation  recovery  was  obtained  at  higher  collector 
dosages  for  all  feeds,  however,  there  was  a  considerable  variation  in  the  recovery 
between  the  four  feeds.  The  increase  in  phosphate  flotation  recovery  on  increasing 
collector  dosage  from  0.5  to  1.0  kg/ton  varied  from  8  wt%  for  Feed  D  to  as  high  as  24 
wt%  for  Feed  A. 

The  kinetics  of  the  conditioning  process  significantly  influenced  the  phosphate 
flotation  recovery.  This  is  indicated  by  the  increase  in  phosphate  flotation  recovery  with 
conditioning  time  for  all  the  feeds.  The  increase  in  phosphate  flotation  recovery  for  Feed 
C  with  conditioning  time  was  found  to  be  marginal  and  not  statistically  significant. 

The  hydrodynamics  of  the  conditioning  system,  governed  primarily  by  the  solids 
loading  and  the  agitation  speed  also  had  significant  affects  on  the  phosphate  flotation 
performance.  An  increase  in  the  solids  loading  and/  or  agitation  speed  resulted  in  an 
increase  in  the  phosphate  flotation  recovery  for  feeds  A,  B  and  C  while  the  reverse  was 
found  to  be  true  in  the  case  of  feed  D. 
Two  and  three  factor  interaction  effects 

It  was  foimd  that  the  interaction  effects  were  significant  only  for  feed  A.  The  two 
factor  interactions  BC  (agitation  speed  and  impeller  blade  width)  was  found  to  be 
significant  for  feeds  A  and  D.  Also,  for  feed  A,  the  two  factor  interactions  AD  and  the 
three  factor  interactions  ABC  and  BCD  were  found  to  be  significant.  Since  the  three 
factor  interactions  are  confounded  with  the  two  factor  interactions  DE  (solids  loading  and 
conditioning  time)  and  AE  (collector  dosage  and  conditioning  time),  it  was  concluded 
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Table  5.7:  Concentrate  grades  of  phosphate  flotation  products 


Concentrate  grade,  wt%  BPL 


Trial  - 

No. 

Feed  A 

Feed  R 

Feed  C 

Feed  D 

1 

65. y,  67.3 

54.4,  62.9 

iC?   A     CO  C 

63.4,  5o.6 

CA   1     C(\  O 

64.1,  60.2 

2 

£T  1  0 
OZ.l,  OJ.O 

iU.5,  35.5 

JO.U,  JO. 2 

o4.2,  o3.  / 

3 

62.6,  62.6 

52.4,  50. 4 

5  /.5,  5y.y 

61.3,  61.7 

4 

61.4,  67.1 

43.0,  56.6 

CQ   A  cue 

58.4,  56.5 

64.7,  63.7 

5 

69.2,  69.8 

63.6,  63.9 

63.9,  64.1 

6 

64.1,  61.5 

55.4,  49.9 

59.0,  60.7 

65.7,  68.3 

7 

72.0,71.6 

60.9,  49.4 

61.4,  63.0 

65.9,  66.5 

8 

69.8,  65.6 

34.4,  29.2 

53.9,  54.7 

66.0,  65.4 

9 

63.1,67.1 

62.2,  50.1 

60.4,61.3 

63.1,60.2 

10 

74.6,  69.2 

54.8,  56.4 

52.2,  55.7 

66.4,  65.9 

11 

69.9,  68.7 

60.9,  50.4 

60.2,  64.1 

63.6,  66.0 

12 

62.2,  64.3 

40.3,  39.9 

57.5,  59.2 

59.4,61.8 

13 

67.2,  71.2 

57.2,  55.4 

62.7,  63.1 

63.9,  64.6 

14 

65.4,  70.3 

48.9,  52.2 

63.3,  64.5 

64.6,  65.7 

15 

67.8,  68.3 

66.4,  62.4 

63.7,  63.8 

65.5,65.5 

16 

72.2,71.0 

43.9,41.1 

59.3,  60.7 

65.1,66.0 
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Table  5.8:  Results  oft-test  on  concentrate  grade  data 


Feed  A 

FeedB 

FeedC 

FeedD 

Initial 
(I) 

Repeat 
(r) 

Initial 
(I) 

Repeat 
(r) 

Initial 
(I) 

Repeat 
(r) 

Initial 
(I) 

Repeat 
(r) 

N 

16 

16 

16 

16 

16 

16 

15 

15 

1^ 

66.8 

67.6 

51.8 

50.2 

59.6 

60.5 

64.2 

64.4 

o 

4.13 

3.03 

10.7 

9.9 

3.5 

3.2 

1.87 

2.41 

S.E. 

1.0 

0.76 

2.7 

2.5 

0.88 

0.79 

0.48 

0.62 

95% 
C.I. 

(-3.4,1.9) 

(-6.0,  8.9) 

(-3.38,  1.48) 

(-1.73,  1.51) 

t 

-0.58 

0.40 

-0.80 

-0.14 

P 

0.57 

0.69 

0.43 

0.89 

D.F. 

29 

29 

29 

27 

where 

N  =  number  of  treatments 

\i  =  arithmetic  mean 

o  =  standard  deviation 

S.E.  =  standard  error  of  means 

C.  I.  =  confidence  interval  for  difference  in  the  sample  means 

t  =  t-deviate  associated  with  the  a  error  i.e.  stating  that  the  sample  mean  is 

different  that  some  number  when,  in  fact,  this  statement  is  false 

p  =  computed  probability 

D.  F.  =  degrees  of  freedom 
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Table  5.9:  Main  effects  and  interaction  of  conditioning  variables  on  the  concentrate 

grades 


Treatments 

Feed  A 

FeedB 

FeedC 

FeedD 

A 

-10.71 

-17.62 

-6.28 

-3.79 

B 

0.25 

6.24 

-1.55 

-1.04 

C 

-0.90 

1.17 

-2.98 

2.27 

D 

-1.84 

14.46 

4.22 

0.07 

AB 

2.55 

2.64 

-1.81 

1.00 

BC 

-0.04 

-8.72 

1.53 

2.20 

CD 

0.29 

-1.76 

-2.12 

-0.93 

ABD 

2.18 

9.80 

-1.94 

0.00 

AC 

-0.15 

2.35 

0.54 

-2.76 

BD 

3.31 

0.18 

-1.73 

-2.27 

ABC 

-1.45 

4.45 

3.22 

-2.74 

BCD 

-1.98 

-9.55 

0.76 

-0.34 

E 

-3.05 

22.61 

7.38 

-1.42 

ACD 

-0.29 

5.50 

-0.52 

3.00 

AD 

0.86 

2.53 

1.48 

-0.15 

Significance 
criterion 

3.81 

10.60 

3.49 

3.15 

A  =  Collector  dosage 

B  =  Agitation  speed 

C  =  Impeller  blade  width 

D  =  Solids  loading  during  conditioning 

E  =  Conditioning  time 


Numbers  in  bold  denote  significant  factors 
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to  significantly  affect  the  phosphate  flotation  recovery  are  listed  in  Table  5.5.  It  is  that 
the  interaction  effects  of  C,  the  impeller  blade  width  are  not  significant.  In  the  case  of 
feeds  B  and  C,  none  of  the  two  or  three  factor  interaction  effects  were  found  to  be 
statistically  significant.  The  four  and  five  factor  interactions  were  neglected.  The 
interactions  of  the  variable  E  (conditioning  time)  could  not  be  directly  estimated  using 
this  design. 

Effect  on  concentrate  grade 

The  concentrate  grades  of  the  float  fraction  are  reported  in  Table  5.7  for  the  four 
phosphate  feeds  as  weight  percent  Bone  Phosphate  of  Lime  (BPL  =  2. 1 85  x  "/oPjO,). 
Unlike  the  phosphate  flotation  recovery,  the  concentrate  grades  do  not  appear  to  be 
sensitive  to  the  conditioning  treatments  for  three  of  the  four  feeds.  Relatively  high  grades 
(over  55  wt%  BPL)  were  obtained  for  most  of  the  treatments  at  both  collector  dosages 
investigated.  Feed  B,  however,  showed  a  wide  variation  in  concentrate  grades. 

A  t-test  was  conducted  on  the  concentrate  grade  data  obtained  from  the  tests  and 
their  repeats.  The  results  of  the  t-test,  shown  in  Table  5.8,  indicate  good  reproducibility 
of  the  conditioning  and  flotation  tests.  The  mean  concentrate  grade  for  the  feeds  A,  C  and 
D  are  over  60  wt%  BPL  and  relatively  higher  than  that  of  feed  B  which  showed  an 
average  grade  of  about  50  wt%  BPL.  Further,  the  standard  deviation  in  the  data  for  feed 
B  is  the  greatest  as  seen  from  Table  5.8. 

The  effects  of  the  five  conditioning  variables  and  their  interactions  are  provided 
in  Table  5.9.  It  is  evident  from  the  table  that  once  again,  the  collector  dosage  is  an 
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Table  5.10:  Significant  variables  affecting  the  flotation  concentrate  grades 


Feed 

Significant 

Mean  recovery  at  different  levels  of 

variables 

significant  variables,  wt% 

Low  level 

High  level 

A 

Collector  dosage 

69.9 

64.5 

Collector  dosage 

55.5 

46.7 

Solids  loading 

47.5 

54.7 

B 

Conditioning  time 

45.4 

56.7 

Collector  dosage 

61.6 

58.5 

Solids  loading 

59.0 

61.1 

C 

Conditioning  time 

58.2 

61.9 

D 

Collector  dosage 

65.4 

63.3 

105 


Table  5.11:  Insol  recovery  of  phosphate  feeds  upon  flotation 


Insol  recovery,  wt% 


Trial  - 
No. 

Feed  A 

Feed  B 

heed  C 

reed  U 

1 

2.53,2.15 

6.07,  1.65 

1.35,2.66 

1.57,  2.54 

2 

3.90,  2.92 

15.62,  15.98 

3.99,  3.96 

1.51,  1.54 

3 

3.78,  3.46 

6.41,  7.86 

3.78,  2.55 

2.08,  2.29 

4 

4.14,  1.49 

11.92,3.98 

3.65,  4.90 

1.44,  1.54 

5 

1.20,  1.96 

1.66,  1.23 

0.90,  0.77 

6 

4.04,  3.88 

5.41,7.10 

2.68,  1.99 

1.14,  0.33 

7 

1.69,  1.99 

2.31,6.48 

1.97,  1.38 

0.75,  0.59 

8 

2.36,  1.42 

15.38,  26.25 

5.33,  3.65 

0.98,  0.88 

9 

3.32,  3.60 

2.58,  8.26 

2.58,  2.21 

1.84,  2.12 

10 

0.41,  0.14 

3.70,  3.87 

4.96,  2.82 

0.72,  0.93 

11 

1.01,  1.68 

1.37,7.06 

2.07,  1.55 

0.91,0.64 

12 

3.48,  3.26 

13.92,  13.90 

3.86,3.45 

2.60,  2.03 

13 

0.89,  1.68 

3.68,  5.09 

1.28,  1.31 

1.37,  1.06 

14 

1.14,  1.31 

6.73,  7.00 

1.34,  0.72 

0.97,  0.97 

15 

1.15,  1.85 

1.21,2.63 

0.94,  1.28 

1.00,  0.96 

16 

0.13,0.22 

7.79,  9.34 

2.34,  1.78 

1.01,0.79 
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Table  5.12:  Results  of  t-test  on  insol  recovery  data 


Feed  A 

FeedB 

FeedC 

FeedD 

Initial 
(I) 

Repeat 
(r) 

Initial 
(I) 

Repeat 
(r) 

Initial 
(I) 

Repeat 
(r) 

Initial 
(I) 

Repeat 
(r) 

N 

16 

16 

16 

16 

16 

16 

15 

15 

2.20 

2.06 

6.61 

7.98 

2.69 

2.31 

1.33 

1.28 

o 

1.41 

1.11 

5.10 

6.30 

1.42 

1.20 

0.53 

0.69 

S.E. 

0.35 

0.28 

1.33 

1.60 

0.35 

0.30 

0.14 

0.18 

95% 
C.I. 

(-0.78,  1.05) 

(-5.5,2.8) 

(-0.57,  1.33) 

(-0.41,0.50) 

t 

0.30 

-0.68 

0.81 

0.20 

P 

0.77 

0.50 

0.42 

0.84 

D.F. 

28 

28 

28 

26 

where 

N  =  number  of  treatments 

|i  =  arithmetic  mean 

o  =  standard  deviation 

S.E.  =  standard  error  of  means 

C.  I.  =  confidence  interval  for  difference  in  the  sample  means 

t  =  t-deviate  associated  with  the  a  error  i.e.  stating  that  the  sample  mean  is 

different  that  some  number  when,  in  fact,  this  statement  is  false 

p  =  computed  probability 

D.  F.  =  degrees  of  freedom 
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Table  5.13:  Main  effects  and  interaction  of  conditioning  variables  on  the  concentrate 

grades 


Treatments 

Feed  A 

FeedB 

FeedC 

FeedD 

A 

4.00 

11.39 

3.15 

1.41 

B 

0.53 

-4.02 

0.75 

0.36 

C 

-0.26 

0.05 

0.91 

-0.63 

D 

1.32 

-6.42 

0.95 

-0.11 

AB 

-0.78 

0.24 

0.09 

-0.21 

BC 

0.16 

4.89 

-0.48 

-0.79 

CD 

-0.97 

2.94 

0.70 

-0.24 

ABD 

-0.11 

-3.00 

0.63 

-0.08 

AC 

0.95 

-1.53 

-0.20 

0.64 

BD 

0.49 

r\  AO 

U.oz 

U.Uo 

ABC 

-0.08 

-2.82 

0.54 

0.64 

BCD 

0.87 

7.36 

0.33 

0.13 

E 

-0.35 

-10.54 

-2.91 

0.43 

ACD 

0.25 

-3.76 

0.15 

-0.57 

AD 

0.14 

0.61 

-0.47 

-0.02 

Significance 
criterion 

2.24 

7.77 

2.66 

1.30 

A  =  Collector  dosage 

B  =  Agitation  speed 

C  =  Impeller  blade  width 

D  =  Solids  loading  during  conditioning 

E  =  Conditioning  time 


Numbers  in  bold  denote  significant  factors 
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Table  5.14:  Significant  variables  affecting  the  insol  recovery  upon  flotation 


Feed 

Significant 
variables 

Mean  insol  recovery  at  different  levels  of 
significant  variables,  wt% 

Low  level 

High  level 

A 

Collector  dosage 

1.15 

3.11 

B 

Collector  dosage 

4.45 

10.14 

Conditioning  time 

9.93 

4.66 

C 

Collector  dosage 

1.71 

3.29 

Conditioning  time 

3.23 

1.71 

D 

Collector  dosage 

0.90 

1.65 
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important  variable  that  determines  the  flotation  recovery.  The  concentrate  grade  is  seen 
to  decrease  with  an  increase  in  collector  dosage  from  0.5  to  1 .0  kg/ton  for  all  the  four 
phosphate  feeds.  Also,  it  was  found  that  the  conditioning  time  and  the  solids  loading 
during  conditioning  influenced  the  concentrate  grades  for  all  the  feeds.  The  concentrate 
grades  were  higher  at  longer  conditioning  times  for  all  the  feeds,  however,  this  effect  was 
found  to  be  statistically  significant  only  for  feeds  B  and  C.  Similarly  the  increase  in  the 
concentrate  grades  observed  with  an  increase  in  the  solids  loading  was  found  to  be 
statistically  significant  only  for  feeds  B  and  C.  The  conditioning  variables  that 
significantly  affected  the  concentrate  grades  of  the  phosphate  feeds  upon  flotation,  are 
listed  in  Table  5.10.  Feed  B  was  the  most  sensitive  to  changes  in  conditioning  treatments. 
Again,  the  impeller  blade  width  and  the  agitation  speed  were  found  to  have  no  significant 
effect  on  the  concentrate  grade  of  any  of  the  phosphate  feeds.  Further,  none  of  the  two  or 
three  factor  interactions  had  any  effect  on  the  concentrate  grade. 
Effect  on  insol  recovery 

The  insol  recovery  is  a  measure  of  the  amount  of  quartz  reporting  in  the  float 
fraction.  Quartz  flotation  during  rougher  flotation  of  phosphates  is  widely  believed  to  be 
due  to  a  combination  of  hydrophobicity  imparted  by  physically  adsorbed  collector  on 
calcium-activated  sites  on  quartz  and  entraimnent  of  quartz  particles  in  the  froth.  The 
insol  recovery  upon  flotation  of  the  feeds  are  shown  in  Table  5.1 1.  Feed  B  shows 
extremely  high  insol  recovery  under  certain  treatment  conditions  compared  to  the  other 
three  feeds  indicating  that  the  quartz  flotation  is  higher  in  feed  B. 
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A  t-test  was  conducted  on  the  insol  recovery  data  in  order  to  test  whether  the 
experiments  and  their  replicates  belonged  to  the  same  population.  The  results  shown  in 
Table  5.12  show  no  significant  difference  at  a  95%  confidence  level,  between  the  means 
of  the  test  results  and  their  replicates. 

Table  5.13  lists  the  main  effects  and  interactions  of  the  conditioning  variables  on 
the  insol  recovery  of  the  four  feeds.  It  is  evident  that  the  collector  dosage  is  the  most 
important  variable  affecting  the  insol  recovery.  Among  the  other  conditioning  variables, 
only  the  conditioning  time  was  found  to  have  a  significant  affect  on  the  insol  recovery. 
The  interactions  among  the  variables  were  found  to  be  insignificant. 

The  mean  difference  between  the  insol  recovery  at  high  and  low  levels  of  the 
significant  variables  are  provided  in  Table  6.14.  It  can  be  seen  that  the  insol  recovery  is 
higher  at  higher  collector  dosage  for  all  the  feeds.  The  insol  recovery  appeared  to 
decrease  with  an  increase  in  the  conditioning  time.  This  decrease  was  found  to  be 
statistically  significant  for  feeds  B  and  C. 
Flotation  performance  curve 

It  was  shown  earlier  for  the  four  phosphate  feeds  that  at  constant  conditioning 
intensity  and  conditioning  energy,  an  increase  in  phosphate  flotation  recovery  is  obtained 
by  increasing  collector  dosage.  Such  increase  in  flotation  recovery  is  usually 
accompanied  by  a  corresponding  decrease  in  the  concentrate  grade.  However,  in  the 
screening  tests,  the  flotation  performance  was  evaluated  by  varying  the  conditioning 
intensities  and  conditioning  energy  keeping  the  collector  dosages  constant.  The 
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phosphate  flotation  recovery  was  plotted  against  the  concentrate  grade  at  a  collector 
dosage  of  0.5  kg/ton  (see  Figure  5.2).  It  can  be  seen  that  at  concentrate  grades  of  over  28 
wt%  P2O5,  phosphate  flotation  recovery  of  over  80  wt%  are  possible.  Further,  it  was 
observed  that  at  a  collector  dosage  of  1.0  kg/ton,  and  phosphate  recovery  of  over  80 
wt%,  high  concentrate  grades  was  achieved  (see  Figure  5.3).  This  indicates  the  feasibility 
of  manipulating  the  operational  variables  during  conditioning  in  order  to  improve  the 
phosphate  recovery  at  desired  concentrate  grades  and  reduced  collector  consumption. 

Effect  of  conditioning  parameters 

The  conditioning  parameters,  namely  the  conditioning  intensity  and  the 
conditioning  energy  were  calculated  from  the  impeller  power  measured  at  the  end  of 
conditioning.  The  effect  of  conditioning  parameters  on  the  flotation  responses  was 
investigated  in  order  to  identify  their  potential  as  control  parameters  during  the 
conditioning  process. 
Effect  of  conditioning  intensity 

The  conditioning  intensity,  which  was  determined  to  a  large  extent  by  the  solids 
loading  and  the  agitation  speed  during  conditioning,  varied  from  feed  to  feed.  The 
conditioning  intensity  was  investigated  in  the  range  1.5  to  8.5  kW/m^  for  the  phosphate 
feeds  examined  in  this  study.  The  phosphate  flotation  recovery  values  for  the  four  feeds 
are  illustrated  in  Figure  5.4  as  a  function  of  conditioning  intensity  at  a  collector  dosage  of 


112 


100  H  I — '  r 


80 


60 


40 


20 


o  Feed  A 

•  Feed  B 

V  Feed  C 

▼  Feed  D 


H 


J. 


J. 


20  25  30 

CONCENTRATE  GRADE.  WTS5  P205 


35 


Figure  5.2:  Flotation  performance  of  phosphate  feeds  at  a  collector  dosage  of  0.5  kg/ton 
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Figure  5.3:  Flotation  performance  of  phosphate  feeds  at  a  collector  dosage  of  1.0  kg/ton 
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Figiire  5.4:  Phosphate  flotation  recovery  as  a  function  of  conditioning  intensity  at  a  collector 

dosage  of  0.5  kg/ton 
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0.5  kg/ton.  High  recovery  for  feed  A  was  found  at  all  conditioning  intensities 
investigated.  However,  lower  phosphate  recovery  was  observed  for  feed  A  at 
conditioning  intensities  below  approximately  3  kW/m^  The  phosphate  flotation  recovery 
of  feed  C  appeared  to  be  high  at  all  conditioning  intensities.  However,  it  should  be  noted 
that  the  standard  deviation  of  the  flotation  recovery  data  was  relatively  small.  A 
reduction  in  the  phosphate  recovery  of  feed  D  was  observed  at  conditioning  intensities  of 
over  about  3  kW/m^.  No  such  general  trends  were  seen  for  feed  B,  which  showed  a  wide 
range  of  recoveries  at  all  conditioning  intensities.  The  phosphate  flotation  recovery  at  a 
higher  collector  dosage  of  1 .0  kg/ton  shown  in  Figure  5.5,  is  generally  high  and  appeared 
to  be  unaffected  by  the  conditioning  intensity. 

A  t-test  was  conducted  on  the  phosphate  flotation  recovery  data  in  order  to  find 
out  the  the  statistical  significance  of  the  observed  trends  for  the  different  feeds  with 
regard  to  the  conditioning  intensity.  The  results,  shown  in  Table  5.13,  revealed  an 
increase  in  the  phosphate  flotation  recovery  at  higher  conditioning  intensities  for  feeds  A 
and  C.On  the  other  hand,  for  feed  D,  the  higher  conditioning  intensity  appeared  to  reduce 
the  phosphate  flotation  recovery.  No  significant  affect  of  conditioning  intensity  was 
observed  on  the  phosphate  flotation  recovery  of  feed  B.  The  mean  phosphate  flotation 
recovery  for  feeds  A  and  C  were  found  to  be  lesser  below  a  conditioning  intensity  of  3.7 
kW/m\  at  a  95%  confidence  level.  On  the  other  hand,  feed  D  showed  a  statistically 
significant  decrease  in  the  phosphate  flotation  recovery  at  conditiorung  intensities  higher 
than  3.7  kWm\ 
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Figure  5.5:  Phosphate  flotation  recovery  as  a  function  of  conditioning  intensity  at  a  collector 

dosage  of  1 .0  kg/ton 
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Table  5.15:  T-test  on  the  effect  of  conditioning  intensity  on  the  phosphate  flotation 
recovery  at  a  collector  dosage  of  0.5  kg/ton 


Feed  A 

FeedB 

FeedC 

FeedD 

K3.8 

I>3.8 

K3.7 

I>3.7 

K3.7 

I>3.7 

K3.7 

I>3.7 

N 

11 

5 

8 

8 

7 

9 

12 

5 

^ 

54.2 

81.1 

67.9 

65.5 

88.7 

80.5 

66.8 

30.4 

0 

34.2 

4.4 

12.1 

12.2 

9.09 

3.78 

5.78 

27.9 

S.E. 

10.0 

2.0 

4.3 

4.3 

3.4 

1.3 

1.7 

12.0 

95% 
C.I. 

(-5.0,  -3.4) 

(-10.8,  15.5) 

(-20.5,-3.1) 

(1.3,  7.1) 

t 

-2.56 

0.39 

-3.22 

2.88 

P 

0.014 

0.70 

0.007 

0.022 

D.F. 

10 

13 

7 

4 

Ha 

Hl  *  \i2 

^l  <^2 

^il  >  ^2 

Decision 

Accept  Ha 

Reject  H, 

Accept  Ha 

Accept  H, 

where 

N  =  number  of  treatments 

I  =  Cut  off  conditioning  intensity 

|a  =  arithmetic  mean 

o  =  standard  deviation 

S.E.  =  standard  error  of  means 

C.  I.  -  confidence  interval  for  difference  in  the  sample  means 

t  =  t-deviate  associated  with  the  a  error  i.e.  stating  that  the  sample  mean  is 

different  that  some  number  when,  in  fact,  this  statement  is  false 

p  =  computed  probability 

D.  F.  -  degrees  of  freedom 
Ha  =  Alternate  hypothesis 
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Table  5.16:  Effect  of  conditioning  energy  on  the  concentrate  grade  at  a  collector  dosage 

of  1.0  kg/ton 


Feed  A 

FeedB 

FeedC 

FeedD 

E<0.4 

E>0.4 

E<0.4 

E>0.4 

E<0.4 

E>0.4 

E<0.4 

E>0.4 

iN 

10 

6 

10 

6 

10 

6 

10 

6 

29.65 

29.54 

19.59 

24.5 

26.44 

27.43 

29.04 

29.08 

o 

1.03 

1.57 

5.31 

2.19 

1.22 

0.63 

0.99 

1.4 

S.E. 

0.35 

0.52 

1.7 

0.9 

0.39 

0.26 

0.31 

0.57 

95% 
C.I. 

(-1.27,  1.49) 

(-9.1,-0.76) 

(-1.99,  0.01) 

(1.54,  1.48) 

t 

0.17 

-2.58 

-2.13 

-0.05 

P 

0.57 

0.012 

0.026 

0.48 

D.F. 

10 

12 

13 

8 

Ha 

Ml<M2 

Ml  <M2 

Ml  <M2 

Mi  <  M2 

Decision 

Reject  H, 

Accept  Ha 

Accept  Ha 

Reject  Ha 

where 

N  =  number  of  treatments 

I  =  Cut  off  conditioning  intensity 

|a  =  arithmetic  mean 

o  =  standard  deviation 

S.E.  -  standard  error  of  means 

C.  I.  =  confidence  interval  for  difference  in  the  sample  means 

t  =  t-deviate  associated  with  the  a  error  i.e.  stating  that  the  sample  mean  is 

different  that  some  number  when,  in  fact,  this  statement  is  false 

p  =  computed  probability 

D.  F.  =  degrees  of  freedom 
Ha  =  Alternate  hypothesis 
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No  influence  of  conditioning  intensity  on  either  the  concentrate  grade  or  the  insol 
recovery  was  found  for  any  of  the  feeds  as  is  evident  from  Figures  5.6  and  5.7.  The  data 
presented  in  the  figures  were  those  obtained  at  higher  collector  dosages  where  the  effect 
is  more  pronounced  on  both,  the  concentrate  grade  as  well  as  the  insol  recovery.  Similar 
results,  showing  no  influence  of  conditioning  intensity  were  found  at  lower  collector 
dosages. 

Effect  of  conditioning  energy 

The  conditioning  energy  which  is  a  measure  of  the  length  of  time  for  which 
conditioning  is  carried  out  at  a  particular  intensity,  was  examined  as  another  potential 
conditioning  control  parameter  for  monitoring  of  flotation  responses.  The  phosphate 
flotation  recovery  for  all  the  phosphate  feeds  are  plotted  versus  the  conditioning  energy 
in  Figure  5.8  at  a  collector  dosage  of  0.5  kg/ton.  At  a  conditioning  energy  below  0.4  kW 
hr/m\  phosphate  recovery  ranges  from  6  wt%  for  feed  A  to  approximately  83  wt%  for 
feed  C.  However,  at  higher  conditioning  intensity,  the  phosphate  recovery  is  generally 
higher  for  all  the  feeds.  A  similar  trend  is  observed  at  a  higher  collector  dosage  of  1.0 
kg/ton  (see  Figure  5.9),  however,  the  recovery  at  a  conditioning  energy  of  less  than  0.4 
kW  hr/m^  was  higher  compared  to  that  at  0.5  kg/ton.  A  t-test  on  the  data  revealed 
significant  improvement  in  the  phosphate  recovery  at  higher  conditioning  energies  when 
a  lower  collector  dosage  was  used. 

The  concentrate  grades  of  the  phosphate  feeds  were  also  found  to  be  significantly 
affected  by  the  conditioning  energy,  however,  the  influence  varied  from  feed  to  feed. 
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Figure  5.6:  Concentrate  grades  versus  conditioning  intensity  at  a  collector  dosage  of  1.0  kg/ton 
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Figure  5.7:  Insol  recovery  versus  conditioning  intensity  at  a  collector  dosage  of  1 .0  kg/ton 
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Figure  5.8:  Effect  of  conditioning  energy  on  phosphate  flotation  recovery  at  a  collector  dosage 

of  0.5  kg/ton 
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Figure  5.9:  Effect  of  conditioning  energy  on  phosphate  flotation  recovery  at  a  collector  dosage 

of  1.0  kg/ton 
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Figures  5.10  and  5.1 1  show  the  effect  of  conditioning  energy  on  the  concentrate  grades  at 
collector  dosages  of  0.5  and  1.0  kg/ton  respectively.  At  a  collector  dosage  of  0.5  kg/ton, 
concentrate  grades  of  less  than  25  wt%  P2O5  was  observed  only  at  conditioning  energies 
less  than  0.5  kWhr/m^ .  Use  of  conditioning  energy  higher  than  0.5  kWhr/m^  resulted  in 
concentrate  grades  of  over  25  wt%  P2O5.  Similar  trends  were  noted  at  a  collector  dosage 
of  1 .0  kg/ton,  as  shown  in  Figure  5. 1 1 .  It  is  to  be  noted  that  at  a  conditioning  energy 
value  of  0.5  kWhr/m^  the  corresponding  conditioning  intensity  for  9  minute  conditioning 
time  is  3.7  kW/m3.  In  other  words,  concentrate  grades  of  over  25  wt%  could  be  obtained 
by  high  intensity  conditioning  for  short  periods  of  time  or  low  intensity  conditioning 
over  long  periods  of  time. 

The  insol  recovery  of  the  phosphate  feeds  are  plotted  versus  the  conditioning 
energy  in  Figures  5.12  and  5.13  at  collector  dosages  of  0.5  and  1.0  kg/ton  respectively. 
Insol  recovery  of  all  four  feeds  are  lower  at  0.5  kg/ton  as  compared  to  those  at  1.0 
kg/ton.  At  both  collector  dosages,  the  decrease  in  insol  recovery  with  increase  in  the 
conditioning  energy  reflects  an  increase  in  selectivity.  The  increased  selectivity  at  higher 
conditioning  energy  is  also  confirmed  by  the  trends  in  the  concentrate  grades  shown  in 
Figures  5.10  and  5.11. 

Trends  in  anionic  conditioning 


The  flotation  performance  varied  from  feed  to  feed  in  the  four  phosphate  feeds 
examined,  however  there  appeared  to  be  some  general  trends  in  their  conditioning 
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Figure  5.10:  Concentrate  grades  of  phosphate  feeds  as  a  function  of  conditioning  energy  at  a 

collector  dosage  of  0.5  kg/ton 
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Figure  5.11:  Concentrate  grades  of  phosphate  feeds  as  a  function  of  conditioning  energy  at  a 

collector  dosage  of  1 .0  kg/ton 
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igure  5.12:  Insol  recovery  of  phosphate  feeds  as  a  function  of  conditioning  energy  at  a  collector 

dosage  of  0.5  kg/ton 
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Figure  5.13:  Insol  recovery  of  phosphate  feeds  as  a  flinction  of  conditioning  energy  at  a  collector 

dosage  of  1 .0  kg/ton 
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performance.  The  trends  in  the  anioninc  conditioning  performance  and  subsequent 
flotation  behavior  of  the  phosphate  feeds  can  be  summarized  in  two  categories: 

(a)  effect  of  conditioning  variables  on  the  flotation  responses 

(b)  effect  of  conditioning  parameters  on  the  flotation  responses 
Effect  of  conditioning  variables 

Among  the  five  conditioning  variables  examined,  it  was  found  that  the  collector 
dosage,  the  solids  loading  and  the  conditioning  time  had  significant  effects  on  the 
flotation  responses.  The  hydrodynamic  and  kinetic  variables  were  found  to  govern  the 
flotation  performance  of  the  phosphate  feeds  at  lower  collector  dosages.  In  general, 
higher  collector  dosages,  higher  solids  loading  and  longer  conditioning  time  were  found 
to  increase  the  phosphate  flotation  recovery  of  the  feeds.  The  concentrate  grade,  and  the 
insol  recovery  which  are  indications  of  the  selectivity  of  the  process,  were  determined 
primarily  by  the  collector  dosage.  However,  at  higher  collector  dosages,  the  interaction 
of  the  solids  loading  and  the  conditioning  time  was  found  to  have  a  significant  effect  on 
the  selectivity  of  the  conditioning  and  subsequent  flotation  process.  The  impeller  blade 
width  did  not  affect  the  conditioning  performance  and  was  discarded  in  later  data 
analysis  procedures. 

Effect  of  conditioning  parameters  on  flotation  responses 

The  impeller  power  measured  at  the  end  of  conditioning  was  used  to  find  the 
conditioning  intensity  and  conditioning  energy.  The  conditioning  intensity  was 
determined  primarily  by  nature  of  the  feed  material,  the  solids  loading  and  agitation 
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speed  used  during  conditioning.  Besides  the  nature  of  the  feed  and  the  hydrodynamic 
variables,  the  conditioning  energy  also  took  into  account  the  conditioning  time. 
Generally,  the  use  of  a  conditioning  intensity  higher  than  3.8  kW/m^  resulted  in  increased 
phosphate  flotation  recovery.  On  the  other  hand,  the  concentrate  grade  and  the  insol 
recovery  were  unaffected  by  the  conditioning  intensity.  The  conditioning  energy  was 
found  to  significantly  affect  the  concentrate  grade  and  insol  recovery.  The  selectivity  of 
the  process  was  found  to  be  better  at  conditioning  energies  higher  than  0.5  kWhr/m\  The 
conditioning  and  flotation  tests  indicated  that  improved  recovery  could  be  obtained  at 
higher  concentrate  grades  by  using  a  low  collector  dosage  (0.5  kg/ton).  Such  an 
improvement  in  the  flotation  performance  was  obtained  by  high  intensity  conditioning 
for  short  period  of  times  or  low  intensity  conditioning  for  a  longer  period  of  time.  The 
conditioning  intensity  was  found  to  vary  from  feed  to  feed  indicating  that  different  feeds 
required  different  levels  of  conditioning  variables  in  order  to  obtain  the  same 
conditioning  response.  A  detailed  discussion  into  the  effect  of  conditioning  responses  on 
the  reagent-particle  mixing  leading  to  reagent  adsorption  and  subsequent  flotation 
behavior  of  the  phosphate  feeds  is  provided  in  the  next  chapter.  Also,  the  evaluation  of 
conditioning  parameters  based  on  the  shear  history  of  the  slurry  and  optimization  of  the 
conditioning  variables  in  order  to  obtain  the  optimum  conditioning  response  is  discussed. 


CHAPTER  6 
ADSORPTION  AND  PROCESS  CONTROL 


Introduction 

The  conditioning  and  flotation  tests  conducted  in  order  to  screen  and  optimize  the 
significant  variables  yielded  important  insight  regarding  flotation  performance.  The 
importance  of  the  collector  dosage  as  a  prime  control  variable  during  conditioning  was 
verified.  The  conditioning  responses  such  as  the  conditioning  intensity  and  conditioning 
energy  were  correlated  with  the  flotation  performance.  It  was  shown  that  efficient 
flotation  performance,  i.e.  higher  phosphate  flotation  recovery  at  high  concentrate  grades 
and  reduced  collector  dosages  corresponded  to  optimum  regions  of  conditioning 
intensity.  Optimum  flotation  performance  was  obtained  at  a  particular  solids  loading  for 
each  feed  examined.  In  this  chapter,  the  effect  of  conditioning  variables  on  the  reagent 
adsorption  process,  which  primarily  governs  the  flotation  performance,  is  discussed  in 
terms  of  the  principles  of  mixing  in  solid  -  liquid  systems.  It  was  also  observed  that  the 
significant  variable  affecting  phosphate  recovery  was  conditioning  intensity,  while  the 
concentrate  grade  and  insol  recovery  were  influenced  primarily  by  the  conditioning 
energy.  Attempt  is  made  to  identify  a  unifying  conditioning  parameter  as  a  complete 
descriptor  of  the  mixing  process  in  anionic  conditioning.  The  root  mean  square  velocity 

131 


132 


gradient  is  evaluated  as  a  mixing  parameter. 

Determination  of  slurry  flow  characteristics 

The  optimum  conditioning  intensity  found  for  the  four  feeds  (5-10  kW/m^)  was 
used  to  determine  the  corresponding  hydrodynamic  flow  regimes  in  the  conditioning  cell. 
This  was  achieved  using  impeller  characteristic  curves  for  the  conditioner  cell  and 
dimensionless  numbers.  The  impeller  characteristic  curve  was  generated  for  the 
conditioner  cell  using  Newtonian  fluids  of  known  viscosity  and  were  later  used  to 
determine  the  flow  regimes  of  non-Newtonian  fluids.  The  classical  Power  nimiber  - 
Reynolds  number  correlation  was  shown  to  be  independent  of  the  rheology  of  the  fluid 
(particulate  suspension  in  the  present  study). 
Rheometrv  of  fluids 

The  flow  behavior  of  the  fluids  and  suspension  is  given  in  Figure  6. 1 .  The  flow 
curve  for  water  (curve  1)  is  a  straight  line  indicating  its  Newtonian  behavior.  The  flow 
curves  for  the  2  wt%  hydroxypropyl  methyl  cellulose  (HPMC)  solution  and  the  fine 
particle  suspension  shows  a  Non-Newtonian  behavior.  Both  curves  2  and  3  were  of  the 
power  law  model  type  and  can  be  described  by  the  following  power  law  equation: 

T  =  K  y" 

where 

t         -        shear  stress 


Figure  6. 1 :  Flow  curves  for  fluids  and  suspensions  determined  using  rheometer 
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Y        =        shear  rate 

and  K  and  n  are  constants.  The  constant  K  depends  is  characteristic  of  the  material  under 
study.  The  index  n  describes  the  pseudoplasticity  of  the  suspension  or  fluid  (shear 
thinning  nature  in  this  case)  and  was  found  to  be  0.29  and  0.25  for  the  HPMC  solution 
and  the  suspension  respectively.  The  apparent  viscosity  of  the  non-Newtonian  fluids, 
defined  as  the  ratio  of  stress  to  the  instantaneous  shear  rate,  is  illustrated  in  Figure  6.2.  It 
can  be  seen  that  for  the  non-Newtonian  fluids  (and  suspensions),  the  viscosity  variation 
becomes  almost  linear  at  high  shear  rates. 

The  rotational  speed  of  the  spindle  in  the  viscometer  was  calculated  from  the 
shear  rate  using  the  Equation  (6.2)  given  below: 
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The  shear  stress  measured  in  the  viscometer  was  used  to  calculate  the  spindle  power 
using  Equation  (6.3)  given  below: 


P  =  2TrLRi-TN  (6.3) 
The  spindle  power  P,  and  spindle  rotational  speed  N,  were  then  used  to  determine  the 
power  number  and  Reynolds  number  for  fluid  flow  in  the  viscometer.  The  Np  -  N^e  plot 
for  the  viscometer  concentric  cylinder  geometry  is  shown  in  Figure  6.3.  The  plot  was  a 
straight  line  with  a  slope  of  - 1 ,  indicating  that  fluid  flow  was  laminar  at  all  shear  rates 
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investigated.  The  value  of  K  was  empirically  determined  to  be  2.017  for  the  viscometer 
spindle  geometry.  It  was  also  observed  that  the  data  for  water,  HPMC  as  well  as  the 
suspension  were  all  on  the  same  straight  line.  This  showed  that  for  a  given  geometry,  the 
Np  -      correlation  is  independent  of  the  rheological  properties  of  the  fluids 
investigated.  In  other  words,  the  same  Np  -      correlation  holds  true  for  Newtonian  as 
well  as  pseudoplastic  fluids.  Thus  the  use  of  a  Newtonian  Np  -  Nr^  correlation  to 
determine  the  viscosity  of  a  shear  thinning  fluid  or  suspension  seems  justified. 

The  highest  shear  rate  attained  with  the  particulate  suspension  in  the  viscometer 
was  1000  sec  '  .  This  corresponded  to  a  Reynolds  number  of  about  0.032  and  a  power 
number  of  61.  The  power  numbers  obtained  in  agitation  systems  in  the  industry  are 
normally  less  than  1 ,  suggesting  that  the  shear  rates  attained  in  industrial  operations  are 
far  greater  than  those  obtained  in  conventional  viscometers.  It  was  mentioned  earlier  that 
at  extremely  high  shear  rates,  the  viscosity  of  the  fine  particle  suspension  (curve  3  in 
Figure  6.2)  is  practically  unchanged  by  a  relatively  small  change  in  shear  rate.  This  is  an 
important  fact  to  be  considered  particularly  in  applications  to  mineral  industries  where 
the  range  of  shear  rates  is  of  the  order  of  an  order  of  magnitude  or  less  (see  Froude 
numbers  in  industrial  circuits  in  Table  2.2). 
Impeller  characteristic  curve  of  conditioner 

Impeller  power  measurements  were  carried  out  on  several  Newtonian  fluids  of 
known  viscosity  such  as  glycerin  and  Newtonian  oils  at  different  impeller  speeds  in  order 
to  determine  the  impeller  characteristic  curve  of  the  mixer.  The  power  numbers  and 
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Figure  6.2:  Viscosity  of  fluids  and  dispersed  fine  particle  suspension  measured 
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Reynolds  numbers  calculated  from  the  impeller  power  P  and  impeller  speed  N 
respectively,  for  the  various  fluids  were  plotted  on  a  logarithmic  scale  (see  Figure  6.4).  It 
can  be  seen  that  the  slope  of  the  plot  of  power  number  versus  the  Reynolds  number  on  a 
log  scale  is  -1,  up  to  a  Reynolds  number  of  about  10.  At  higher  Reynolds  numbers  the 
experimental  data  deviates  from  linearity,  indicating  the  onset  of  turbulence.  This  is  in 
agreement  with  reported  values  for  laminar  flow  and  transition  regions  for  centrifugally 
agitated  systems.  It  is  clear  from  the  impeller  characteristic  curve  that  the  linear  regime 
exists  at  power  numbers  greater  than  10'\  The  constant  K,  for  the  impeller-agitator 
system  used  during  mixing  in  this  study,  was  empirically  determined  to  be  0.02068  in  the 
linear  regime.  Thus  for  the  impeller  agitation  system  used  for  conditioning,  the  flow 
regimes  can  be  characterized  into  laminar  or  turbulent  flow  by  using  the  power  nimibers 
in  accordance  with  the  impeller  characteristic  curve  in  Figure  6.4.  Power  numbers  greater 
than  approximately  0.001  during  slurry  agitation  would  fall  in  the  laminar  range.  The 
minimum  power  number  used  for  agitation  of  the  phosphate  feeds  was  found  to  be  0.002, 
indicating  that  the  slurry  flow  during  conditioning  was  laminar.  This  is  very  important 
from  a  point  of  identification  of  a  descriptor  of  conditioning,  since  it  allows  the  use  of 
mixing  parameters  such  as  the  mean  velocity  gradient  which  was  developed  for  laminar 
flow  regimes. 
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Figure  6.4:  Impeller  characteristic  curve  for  conditioner 
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Adsorption  studies 

Adsorption  tests  conducted  on  phosphate  feed  E  with  fatty  acid-fuel  oil  (FA/FO) 
mixture  as  collector  revealed  a  significant  effect  of  the  agitation  conditions  on  the 
reagent  uptake  by  the  feed.  The  kinetics  of  adsorption  on  the  bench  scale  conditioner  are 
relatively  faster  compared  to  those  reported  for  smaller  scale  conditioning  in  literature 
(Somasundaran,  1994).  At  150  rpm,  as  shovra  in  Figure  6.5,  the  reagent  uptake  by  the 
feed  increases  with  the  conditioning  time  monotonically,  indicating  that  conditioning 
time  is  the  primary  variable  governing  reagent  adsorption  at  lower  agitation  speeds.  The 
agitation  speed  used  (150  rpm)  is  less  than  the  minimvmi  speed  required  to  suspend  all 
the  solids  indicating  that  the  kinetics  of  particle-droplet  interaction  is  slow.  At  a  higher 
agitation  speed  (350  rpm),  there  is  a  sharp  increase  in  the  reagent  uptake  till  a 
conditioning  time  of  about  2  minutes  beyond  which  little  change  in  adsorption  is 
observed  with  time  (see  Figiire  6.6).  It  should  be  noted  that  the  plateau  is  attained  at  a 
higher  value  for  slurries  of  higher  solids  loading.  At  an  agitation  speed  of  550  rpm,  the 
maximum  adsorption,  as  shown  in  Figure  6.7,  is  considerably  lower  than  that  obtained  at 
350  rpm.  Also,  the  76  wt%  slurry  shows  less  adsorption  compared  to  the  slurries  of  66 
and  72  wt%  solids  loading.  It  is  interesting  to  note  from  Figures  6.5  -  6.7  that  the 
kinetics  of  reagent  adsorption  depends  on  both,  the  solids  loading  and  the  agitation  speed. 
There  appeared  to  be  an  optimum  condition  of  solids  loading  and  agitation  speeds  for 
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Figure  6.5:  Kinetics  of  adsorption  of  collector  on  1  kg  of  phosphate  feed  at  an  agitation 

speed  of  1 50  rpm 
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Figure  6.6:  Adsorption  kinetics  of  collector  on  1  kg  of  phosphate  feed  at  an  agitation 

speed  of  350  rpm. 
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Figure  6.7:  Adsorption  kinetics  of  collector  on  1  kg  of  phosphate  feed  at  an  agitation 
speed  of  550  rpm. 
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Table  6.1 :  Minimum  impeller  speed  required  to  completely  suspend  all  particles  in  slurry 

for  feed  E 


Solids 
loading 

Minimum  impeller 
speed 
(rpm) 

Minimum  impeller  power 
(W) 

66 

150 

0.5  ±0.1 

68 

180 

0.6  ±0.1 

70 

250 

2.6  ±0.1 

72 

350 

3.9  ±0.1 

74 

650 

17.6  ±0.3 
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which  the  reagent  adsorption  attains  a  maximum  value  at  less  than  2  minutes.  As 
mentioned  earlier,  the  agitation  speed  during  conditioning  is  the  primary  factor  that 
determines  the  reagent  adsorption  kinetics  at  impeller  speeds  lower  than  the  minimum 
speed  required  to  completely  suspend  all  the  particles  (Cloetze  and  Coetzee,  1986). 
Peterson  et  al.  (1993)  have  shown  that  when  a  suspension  is  mixed  below  the  minimum 
agitation  speed,  the  mass  transfer  coefficient  increases  rapidly  with  an  increase  in  the 
agitation  speed.  Upon  complete  suspension  of  the  particles  in  the  liquid,  an  increase  in 
the  agitation  speed  has  no  significant  effect  on  the  adsorption  kinetics.  The  minimum 
impeller  speed  required  to  completely  suspend  all  the  particles  in  the  slurry  depends  on 
the  solids  loading  of  the  slurry  (see  Table  6.1).  The  reagent  adsorption  at  a  fixed 
conditioning  time  (2  minutes)  is  shown  in  Figure  6.8  as  a  function  of  the  impeller  speed 
for  slurries  of  different  solids  loadings.  For  the  66  wt%  slurry,  there  is  a  sharp  increase 
in  the  reagent  adsorption  with  increase  in  the  impeller  speed  up  to  about  200  rpm  beyond 
which,  the  increase  in  adsorption  is  gradual.  The  increase  in  reagent  adsorption  is  noted 
till  about  450  rpm  for  the  72  wt%  slurry,  which  is  slightly  over  the  minimum  speed 
required  to  completely  suspend  all  the  particles  in  it.  Beyond  450  rpm,  a  decrease  in  the 
reagent  adsorption  is  observed.  A  similar  trend  is  found  for  the  76  wt%  slurry  which 
shows  a  decrease  in  adsorption  at  about  350  rpm  which  is  considerably  lesser  than  the 
minimum  speed  required  to  completely  suspend  the  slurry.  It  should  be  remembered  that 
imder  similar  conditions,  i.e.  high  solids  loading  and  agitation  speeds,  the  phosphate 
recovery  of  the  feeds  was  also  found  to  decrease  (see  Figures  6. 1  and  6.4).  Attritioning  of 
phosphate  particles  at  high  conditioning  intensities  in  bench  scale  conditioning  are 
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Figure  6.8:  Effect  of  impeller  speed  on  the  kinetics  of  collector  adsorption  on  1  kg 
phosphate  feed  at  a  conditioning  time  of  2  minutes 
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Table  6.2:  Fines  generation  under  various  agitation  conditions 


S.No. 

Solids  loading, 
wt% 

Agitation 
speed,  rpm 

Conditioning 
time,  min 

Weight  of 
fines,  g 

1 

66 

350 

2 

2 

66 

350 

9 

0.2  ±  0.02 

3 

72 

350 

3.5 

0.2  ±  0.02 

4 

72 

350 

9 

2.4  ±  0.03 

5 

76 

350 

3.5 

0.5  ±  0.02 

6 

76 

350 

9 

3.2  ±  0.03 

7 

76 

500 

3.5 

4.8  ±  0.04 
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reported  to  reduce  mineral  recovery  (Lapidot  and  Mellgren,  1968).  However,  the 
reduction  in  reagent  adsorption  with  increased  intensity  of  conditioning  is  attributed  to 
one  or  more  of  the  following  reasons: 

(a)  lower  reagent-particle  mixing  due  to  lower  mass  transport  in  the  fluid  phase 

(b)  particle  attritioning  and  subsequent  consumption  of  collector  by  fines 
Effect  of  attritioning  on  reagent  adsorption 

It  was  thought  that  attritioning  of  the  solids  at  high  mixing  power  could  result  in 
loss  of  collector  to  fines,  thus  reducing  recovery.  In  order  to  determine  the  significance 
of  agitation  conditions  on  fines  generation,  the  amount  of  fines  (-  325  mesh)  generated 
under  various  agitation  conditions  was  meastired  for  feed  E  and  is  provided  in  Table 
6.2.  At  76  wt%  solids  loading  and  550  rpm  agitation  speed,  3.2  g  of  fines  (-325  mesh) 
was  generated  when  conditioned  for  9  minutes.  On  the  other  hand  only  0.3  g  of  fines  was 
generated  when  a  72  wt%  slurry  was  conditioned  at  400  rpm  for  2  minutes.  Thus  the 
fines  generated  under  severe  mixing  conditions  over  extended  conditioning  times  was 
significantly  higher  than  that  obtained  under  relatively  moderate  agitation  conditions. 
Also,  the  maximum  fines  generation  at  2  minutes  conditioning  time  did  not  exceed  0.3  g. 
Further,  the  surface  area  of  the  fines  was  measured  to  be  24  m^/g  by  the  BET  nitrogen 
adsorption  method,  indicating  that  the  additional  surface  area  generation  due  to 
attritioning  is  not  significant.  The  reduction  of  phosphate  recovery  due  to  loss  of  reagents 
due  to  adsorption  on  fines  was  ruled  out  however,  since  the  addition  of  up  to  6  g  of  fines 
at  the  begiiming  of  conditioning  did  not  result  in  any  significant  reduction  of  phosphate 
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recovery. 

It  is  to  be  noted  that  the  adsorption  tests  were  conducted  for  2  minutes 
conditioning  time  at  which  the  fines  generation  was  insignificant.  This  leads  to  the 
inference  that  the  lower  reagent  adsorption  at  higher  solids  and  agitation  speeds  may  be 
due  to  reduced  particle-reagent  interaction  resulting  from  lower  mass  transport  in  the 
fluid  phase. 

Evaluation  of  mixing  parameters 

It  was  shown  by  adsorption  tests  that  the  hydrodynamic  and  kinetic  variables 
during  conditioning  significantly  affect  the  reagent  adsorption.  The  large  variation  in  the 
phosphate  flotation  performance  observed  in  the  flotation  tests  was  attributed  primarily 
to  the  variation  in  reagent  adsorption  attained  during  anionic  conditioning.  The  single 
most  important  finding  of  the  conditioning  and  flotation  tests  was  that  there  existed  an 
optimum  regime  of  conditioning  intensity  for  optimum  flotation  performance.  The 
conditioning  responses  were  investigated  as  mixing  parameters  on  the  basis  of  their 
effects  on  the  reagent  adsorption  and  subsequent  flotation  performance. 
Effect  of  conditioning  responses 

The  amount  of  collector  adsorbed  on  the  phosphate  feed  E  was  determined  as  a 
function  of  the  various  conditioning  variables.  The  reagent  adsorption,  plotted  versus  the 
conditioning  intensity  and  conditioning  energy  in  Figure  6.9  and  6.10  respectively, 
reveals  no  general  trends,  unlike  the  phosphate  recovery  which  showed  an  optimum 
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Figure  6.9:  Effect  of  conditioning  intensity  on  reagent  adsorption  on  1  kg  phosphate  feed 
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Figure  6.10:  Effect  of  conditioning  energy  on  reagent  adsorption  on  1  kg  phosphate  feed 
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region.  Higher  reagent  adsorption  was  found  at  conditioning  energies  beyond  0.5  kW 
hi/m\  however  such  trends  were  not  conclusive. 
Root  mean  square  velocity  gradient 

It  was  demonstrated  earlier  using  impeller  power  measurements  that  the 
conditioning  tests  were  performed  imder  steady  state  shear  conditions.  The  use  of  the 
root  mean  square  velocity  gradient,  defined  in  Chapter  2,  as  a  descriptor  of  mixing 
characteristics  was  examined.  It  was  foimd  that  the  reagent  adsorption  data,  when  plotted 
against  the  product  of  the  root  mean  square  velocity  gradient  and  conditioning  time, 
showed  a  bell  shaped  curve  (see  Figure  6.11).  The  bell  shaped  curve  showed  a 
resemblance  to  U-shaped  curves  obtained  for  capillary  suction  times  in  sludge 
conditioning  studies  (Werle  et  al.,  1984).  The  minima  in  the  U-shaped  curves  were  foimd 
to  be  a  function  of  the  reagent  dosage.  The  peaks  of  the  bell  shaped  curves  obtained  for 
anionic  conditioning,  corresponding  to  maximimi  reagent  uptake  from  solution,  were  not 
investigated  as  a  function  of  reagent  dosage.  The  peak  of  the  curve  corresponding  to 
adsorption  levels  of  approximately  180  -  190  mg/kg  of  feed,  was  found  to  occur  at  G*t 
values  of  about  1000.  The  mean  velocity  gradient  G,  required  to  obtain  G*t  values  equal 
to  1000  are  plotted  as  a  function  of  the  conditioning  time  in  Figure  6.12.  It  can  be  seen 
that  higher  mean  velocity  gradients  during  conditioning  required  lesser  conditioning  time 
in  order  to  achieve  maximum  adsorption.  Thus  the  mean  velocity  gradient  G,  appeared  to 
be  adequate  to  describe  reagent  particle  mixing  during  conditioning.  It  is  interesting  to 
note  that  the  root  mean  square  velocity  gradient  has  units  of  inverse  seconds,  which  is  . 
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Figure  6.11 :  Reagent  adsorption  on  phosphate  feed  as  a  function  of  the  product  of  root 
mean  square  velocity  gradient  and  conditioning  time 
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Figure  6.12:  Root  mean  square  velocity  gradient  required  to  achieve  maximum  reagent 
particle  mixing  as  a  function  of  conditioning  time 
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identical  to  that  of  shear  rate.  Physically,  the  curve  shown  in  Figure  6.12  signifies  that 
under  optimal  mixing  conditions  (G*t  =1000),  the  conditioning  time  required  to  achieve 
maximum  reagent  adsorption  is  minimum  at  high  shear  conditions.  The  faster  reagent 
adsorption  kinetics  using  a  fatty  acid  -  fuel  oil  collector  in  industrial  and  bench  scale 
conditioning  compared  to  lab  scale  conditioning  has  often  been  attributed  to  high  shear 
conditions 

Correlation  of  flotation  and  reagent  mixing 

Bench  scale  conditioning  of  phosphate  feed  E  was  conducted  under  selected 
conditions  and  flotation  performed  on  the  conditioned  feed  in  order  to  fmd  correlations 
between  reagent  adsorption  and  flotation  recovery.  The  phosphate  flotation  recovery  is 
plotted  as  a  fimction  of  the  conditioning  time  for  various  solids  loading  at  an  agitation 
speed  of  350  rpm  in  Figure  6.13.  The  flotation  recovery  was  generally  higher  at  higher 
solids  loading.  However,  no  significant  difference  was  found  in  the  phosphate  recovery 
from  slurries  of  72  and  76  wt%.  This  can  be  attributed  to  the  different  levels  of 
adsorption  obtained  for  the  various  slurries  (see  Figure  6.6).  The  lower  adsorption  for  the 
66  wt%  slurry  resulted  in  a  lower  recovery  compared  to  the  higher  solids  loading  slurries 
for  which  the  corresponding  adsorption  was  higher.  The  phosphate  recovery  increased 
with  conditioning  time  till  a  peak  was  reached  beyond  which  a  reduction  was  observed. 
The  reduction  in  phosphate  recovery  was  found  to  start  at  a  conditioning  time  of  5.5 
minutes  for  the  72  and  76  wt%  slurries.  However,  no  such  decrease  in  the  corresponding 
reagent  adsorption  was  found  for  any  of  the  slurries  (Figure  6.6).  No  reduction  in  reagent 


Figure  6.13:  Phosphate  recovery  of  feed  E  as  a  function  of  conditioning  time  at  an 
agitation  speed  of  350  rpm 
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Figure  6.14:  Effect  of  agitation  speed  on  phosphate  recovery  of  feed  E  at  a  conditioning 
time  of  0.5  minutes 
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adsorption  with  conditioning  time  was  observed  at  any  agitation  speed  (see  Figures  6.5 
and  6.7)  and  hence  mixing  conditions  were  ruled  out  as  the  cause  of  the  reduced  recovery 
at  longer  conditioning  times.  It  can  be  seen  however,  from  Table  6.2  that  the  generation 
of  fines  showed  a  significant  increase  for  the  72  and  76  wt%  slurries  at  longer 
conditioning  times.  The  reduction  in  phosphate  recovery  may  be  attributed  to  attritioning 
of  the  softer  phosphate  particles  and  subsequent  degradation  of  the  hydrophobic  surface 
during  conditioning. 

In  order  to  examine  the  trends  in  phosphate  flotation  of  feed  E  under  conditions  at 
which  no  attritioning  of  feed  was  detected,  flotation  recovery  was  determined  at  0.5 
minutes  conditioning  time.  The  phosphate  flotation  recovery  of  feed  E  is  plotted  as  a 
function  of  agitation  speed  at  a  conditioning  time  of  0.5  minutes  for  various  solids 
loadings  of  the  slurries  (see  Figure  6.14).  It  was  found  that  the  flotation  recovery  for  the 
66  wt%  solids  increased  with  increasing  agitation  speed.  This  corresponded  to  the 
increase  in  reagent  adsorption  observed  for  the  66  wt%  slurry  with  increase  in  the 
agitation  speed  shown  in  Figure  6.8.  On  the  other  hand,  for  the  72  and  76  wt%  slurries,  a 
peak  was  attained  in  the  flotation  recovery  at  an  agitation  speed  of  about  400  rpm  beyond 
which  a  decrease  in  recovery  was  observed.  Such  a  decrease  was  also  noted  for  the 
reagent  adsorption  at  approximately  400  rpm  for  the  72  and  76  wt%  slurries.  Thus  it  was 
concluded  that  even  in  the  absence  of  attritioning  of  the  feed,  the  mixing  conditions, 
particularly  the  solids  loading  and  agitation  speed  had  a  significant  affect  on  the  reagent 
adsorption  and  subsequent  flotation  recovery.  In  general,  the  mixing  conditions 
influenced  the  phosphate  recovery  by  affecting  the  following  phenomena  during 
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conditioning: 

(a)  mass  transport  in  fluid  phase  and  consequently  the  reagent-particle  interaction 

(b)  particle  attritioning  and  degradation  of  the  hydrophobic  surface 
Significant  particle  attritioning  was  observed  only  at  longer  conditioning  times 

and  high  intensity  conditioning.  However,  lower  reagent  adsorption  as  well  as  phosphate 
recovery  due  to  reduced  reagent  -  particle  interaction  was  observed  even  at  short 
conditioning  times.  Attritioning  could  be  reduced  or  eliminated  by  using  shorter 
conditioning  times.  The  scope  of  optimizing  reagent  -  particle  mixing  by  controlling  the 
conditioning  parameters  is  discussed  in  the  following  sections. 

The  phosphate  flotation  recovery  for  feed  E  is  plotted  versus  the  reagent 
adsorption  in  Figure  6.15.  The  phosphate  recovery  shows  a  typical  S-shaped  curve 
showing  an  increase  with  increasing  reagent  adsorption  till  a  value  of  about  160  mg/kg  of 
feed,  beyond  which  no  increase  was  observed.  It  is  interesting  to  note  a  slight  reduction 
in  the  flotation  recovery  even  when  the  adsorption  was  over  160  mg/kg.  These  data 
points  correspond  to  slurries  conditioned  at  relatively  lower  conditioning  intensity  and 
over  long  conditioning  times,  at  which  attritioning  of  the  feed  was  observed.  It  can  be 
seen  that  phosphate  flotation  recovery  of  over  80  wt%  require  an  overall  reagent 
adsorption  of  over  120  mg  per  kg  of  feed.  It  was  shown  earlier  that  such  adsorption 
levels  requires  an  optimum  G*t  value  between  800  and  1200.  The  phosphate  flotation 
recovery,  plotted  against  the  product  of  the  mean  RMS  velocity  gradient  and  the 
conditioning  time  in  Figure  6.16,  shows  a  peak  at  G*t  of  around  1000,  similar  to  that 
shown  for  the  adsorption  data  in  Figure  6.9.  Flotation  recovery  of  over  80  wt%  was 


160 


100 


AMOUNT  OF  COLLECTOR  ADSORBED,  MG 


Figure  6.15:  Phosphate  recovery  of  feed  E  as  a  function  of  the  collector  adsorbed  during 
conditioning 
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Figure  6.16:  Phosphate  recovery  of  feed  E  as  a  function  of  the  product  of  root  mean 
square  velocity  gradient  and  conditioning  time 
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obtained  when  the  mixing  conditions  were  such  that  the  RMS  mean  velocity  gradient 
occurred  in  an  optimum  region  for  a  defined  conditioning  time.  The  effect  of 
conditioning  intensity  and  conditioning  energy  on  the  phosphate  flotation  recovery, 
plotted  in  Figures  6.17  and  6.18  respectively  show  that  higher  phosphate  recovery 
corresponds  to  a  narrow  range  of  "optimum"  conditioning  intensity  and  energy. 
However,  the  converse  need  not  be  necessarily  true  i.e.  the  "optimum"  conditioning 
intensity  and  conditioning  energy  need  not  necessarily  yield  high  flotation  recovery. 

Thus  it  was  found  that  the  conditioning  intensity  and  conditioning  energy, 
extensively  used  in  industry  and  research  to  characterize  the  mixing  of  reagents  with 
particles  during  conditioning  of  minerals,  were  not  adequate  to  describe  the  conditioning 
process,  although  correlations  of  the  flotation  performance  with  these  parameters  were 
obtained.  On  the  other  hand,  both  the  conditioning  and  flotation  performances  could  be 
correlated  with  the  quantity  G*t,  the  product  of  the  mean  RMS  velocity  gradient  and  the 
conditioning  time. 

Prediction  of  phosphate  flotation  recovery 

The  minimimi  reagent  adsorption  required  for  achieving  flotation  recovery  over 
90  wt%  was  found  to  be  approximately  120  mg  per  kg  of  feed  for  feed  E.  The  reagent 
adsorption  conditions  for  flotation  recovery  over  80  wt%  corresponded  to  a  G*t  value  in 
the  range  800  -  1200.  The  mean  RMS  velocity  gradient,  G,  required  to  attain  such  values 
of  G*t,  shown  in  Figure  6.19,  is  used  to  obtain  optimal  conditioning  regimes  for  flotation 
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Figure  6.17:  Phosphate  recovery  of  feed  E  as  a  function  of  conditioning  intensity 
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Figure  6.18:  Phosphate  recovery  of  feed  E  as  a  function  of  conditioning  energy 
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Figure  6.19:  Optimum  range  of  mean  velocity  gradient  required  for  conditioning  in  mixer 
used  in  current  study.  For  2  minute  conditioning  time,  no  fines  are  generated  and  the 
optimum  mean  velocity  gradient  required  for  conditioning  is  between  6.67  and  10  sec  '. 
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performance  in  terms  of  the  slurry  flow  properties,  i.e.  the  viscosity,  r|.  Thus  for  a  given 
power  input  per  unit  volume  for  any  slurry,  there  exists  a  range  of  slurry  viscosities, 
which  would  give  optimal  mixing  required  for  maximum  reagent  -  particle  attachment 
leading  to  optimum  flotation  recovery.  Such  a  range  of  viscosities,  calculated  for  feed  E 
is  provided  in  Figure  6.20  as  a  function  of  the  conditioning  time. 

It  is  to  be  noted  that  the  minimimi  requirement  will  vary  with  the  type  of  feed. 
Similarly  the  maximiun  reagent  adsorption  obtained  under  similar  conditions  of  mixing 
also  varies  with  the  feed  type  due  to  variation  in  the  physico-chemical  nature  of  the  feed 
(Somasimdaran,  1994).  However,  the  optimimi  mixing  conditions  for  maximum  reagent 
adsorption,  corresponding  to  optimum  reagent  -  particle  interaction  (G*t  ~  1 000),  which 
is  dependent  only  on  the  hydrodynamic  conditions,  is  expected  to  be  the  same  for  all 
feeds.  Thus  the  argtiment  used  for  obtaining  an  optimum  condition  for  reagent  adsorption 
and  subsequent  flotation  for  feed  E  also  applies  to  feeds  A  and  D.  The  G*t  values 
corresponding  to  high  flotation  recovery  for  these  feeds,  shown  in  Figures  6.21  and  6.22 
respectively  were  also  found  to  be  in  the  same  range  as  that  of  feed  E,  i.e.  G*t  -800  - 
1200.  The  relations  between  slurry  viscosity  and  conditioning  variables  is  discussed  next. 
Impeller  power  measurements  and  viscosity  determination 

The  impeller  power  measurements  for  feeds  A,  D,  and  E  are  shown  in  Figures 
6.23a,  6.23b  and  6.23c  respectively,  as  a  fimction  of  solids  loading  for  different  agitation 
speeds.  The  slurry  viscosity  corresponding  to  the  shown  impeller  power,  calculated  using 
Equation  2.2.  is  illustrated  in  Figure  6.24a,  6.24b  and  6.24c  respectively  for  the  three 
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Figure  6.20:  Optimum  slurry  viscosities  required  for  conditioning  as  a  function  of  the 
conditioning  intensity.  Peak  flotation  recovery  was  observed  for  all  five  feeds  examined  at 
conditioning  intensities  between  5  and  10  kW/m\  Predicted  optimum  viscosities  were  in  the 
range  750  to  1686  cps. 


Figure  6.21 :  Phosphate  recovery  of  feed  A  as  a  function  of  the  product  of  mean 
velocity  gradient  and  the  conditioning  time 
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Figure  6.22:  Phosphate  recovery  of  feed  D  as  a  function  of  the  product  of  mean  RMS 
velocity  gradient  and  the  conditioning  time 
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Figure  6.23:  Impeller  power  measurements  of  phosphate  feeds 

(a)  Feed  A 

(b)  Feed  D 

(c)  Feed  E 
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Figure  6.24:  Apparent  viscosity  of  phosphate  slurries  determined  from  impeller  power 
measurements 

(a)  Feed  A, 

(b)  Feed  D 

(c)  Feed  E 
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feeds.  It  can  be  seen  that  the  curves  for  all  the  agitation  speeds  fall  on  the  same  curve  for 
ail  the  feeds,  suggesting  that  the  slurry  viscosity  was  independent  of  the  agitation  speed 
(shear  rate).  This  was  expected  since  the  shear  rates  concerned  are  extremely  high  and 
also,  the  range  of  agitation  speeds  investigated  are  very  small.  Such  Newtonian  plateaus 
are  observed  for  suspensions  of  non-aggregrating  suspensions  at  high  shear  rates  (Barnes, 
1989)  However,  there  seemed  to  be  a  deviation  in  the  slurry  viscosity  at  extremely  high 
solids  loading.  This  was  attributed  to  the  lack  of  complete  suspension  of  all  the  particles 
at  such  high  solids  loading.  It  should  be  remembered  that  the  slurries  of  76  wt%  could 
not  be  completely  suspended  (see  Table  6.3)  in  the  conditioner  resulting  in  lower 
impeller  power  measurements  and  subsequently  lower  viscosity. 

The  viscosity  of  the  slurries  of  feeds  A,  D  and  E  are  plotted  versus  the  solids 
loading  in  Figure  6.25.  Generally  for  a  concentrated  suspension  of  monodispersed 
particles  the  relative  viscosity  can  be  described  by  an  equation  of  the  form: 

'         °       (h  (6.5) 
~max 

where  n  is  a  positive  real  number  whose  value  generally  lies  between  1.5  and  5  (Jeffrey 
and  Acrivos,  1976).  Several  other  empirical  relationships  describing  the  relative 
viscosity  of  monodispersed  suspensions  with  solids  loading  have  been  reported  in  the 
literature  (Chong,  1964).  The  experimental  data  obtained  in  this  work  was  best 
described  by  an  equation  of  the  form  given  below: 


173 


Table  6.3:  Minimum  suspension  conditions  for  slurries  of  different  feeds 


Solids 
loading 
wt% 

Minimum  agitation  speed 
rpm 

Minimum  impeller  power 
W 

Feed  A 

FeedD 

Feed  E 

Feed  A 

FeedD 

Feed  E 

66 

190 

230 

150 

0.5 

0.7 

0.5 

68 

190 

240 

180 

0.5 

0.8 

0.6 

70 

190 

255 

250 

0.5 

1.1 

2.6 

72 

250 

400 

350 

1.2 

4.7 

3.9 

74 

650 

550 

650 

17.4 

12.8 

17.6 

76 
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Figure  6.25:  Slimy  viscosities  of  different  feeds  as  a  function  of  solids  loading. 
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1- 


(6.6) 


max 


The  constants  k  and  (^rma  were  estimated  by  numerical  methods  of  non-linear  curve 
fitting,  an  are  provided  in  Table  7.4  for  the  tliree  slurries.  The  viscosity  predicted  by 
Eq.  7.4  was  used  to  calculate  the  mean  RMS  velocity  gradient. 

The  range  of  optimal  slurry  viscosity  required  for  optimum  reagent  -  particle 
mixing,  determined  earlier  corresponds  to  a  small  range  of  solids  loading  as  shown  in 
Figure  6.26.  The  optimum  range  of  solids  loading  is  different  for  each  feed  and  is 
determined  to  be  74,  71,  and  72  wt%  (±0.5wt%)  for  the  feeds  A,  D  and  E  respectively. 
The  validation  of  the  concept  of  using  mixing  parameters  based  on  the  rheological 
properties  of  the  phosphate  feed  slurry  for  characterization  of  mixing  during  anionic 
conditioning  and  subsequent  prediction  of  flotation  recovery  was  carried  out  using 
statistically  designed  tests.  The  modeling  of  flotation  recovery,  prediction  of  optimum 
responses  and  experimental  validation  of  the  statistical  model  is  described  in  the  next 
chapter. 


Table  6.4:  Empirical  constants  for  predicted  viscosity  of  phosphate  slurries 


Feed  k  4>nux 

A  455  ±  18.1         0.659  ±0.004 

D  300  ±  14.2         0.690  ±0.004 

E  300  ±  8.7  0.675  ±  0.004 
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Figure  6.26:  Optimum  solids  loading  required  for  conditioning  of  different  phosphate 
slurries,  estimated  from  optimum  viscosities. 


CHAPTER  7 

STATISTICAL  MODELING  AND  OPTIMIZATION 
Introduction 

The  hydrodynamic  and  kinetic  variables  that  influence  anionic  conditioning  were 
investigated  in  a  statistically  designed  study  over  wider  ranges  in  order  to  obtain 
quantitative  models  of  their  effects  on  the  conditioning  and  flotation  responses.  The 
objective  was  to  find  optimum  conditions  of  anionic  conditioning  which  would  give 
optimum  flotation  performance.  The  identification  of  control  parameters  during  anionic 
conditioning  and  relation  between  conditioning  and  flotation  responses  were  also  looked 
into.  The  conditioning  and  flotation  tests  were  conducted  with  two  phosphates  identified 
from  the  screening  tests. 

Selection  of  materials  and  operational  variables 

Phosphate  feeds 

It  was  observed  in  the  screening  tests,  that  feed  B  showed  extremely  high  insol 
recovery  while  the  concentrate  grades  of  feed  C  were  higher  than  the  other  feeds.  This 
was  attributed  to  the  skewing  of  the  particle  size  distribution  of  the  two  mineral 
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components  in  the  feeds.  The  quartz  component  in  feed  B  was  reported  to  be  skewed 
towards  the  finer  size  while  that  of  feed  C  was  extremely  coarse.  Entrainment  of  fine 
quartz  during  flotation  and  poor  floatability  of  the  coarse  quartz  have  been  reported  in 
literature  and  therefore  could  contribute  to  the  observed  results.  In  order  to  avoid  any 
effects  related  to  particle  size  distribution,  feeds  B  and  C  were  discarded.  Feeds  A  and  D 
were  selected  in  order  to  examine  the  effect  of  conditioning  variables  on  the  conditioning 
responses  and  determination  of  optimum  conditions  for  phosphate  flotation. 
Conditioning  variables 

The  feasibility  of  improving  flotation  performance  at  lower  collector  dosages,  was 
demonstrated  in  the  screening  tests.  Thus  a  collector  dosage  of  0.5  kg/ton  was  selected  in 
order  to  evaluate  the  hydrodynamic  and  kinetic  variables. 

It  was  also  shown  in  the  screening  tests,  that  higher  conditioning  intensity  and 
conditioning  energy  are  beneficial  for  phosphate  flotation.  Thus  a  larger  range  of 
agitation  speeds  and  solids  loading  were  selected  to  evaluate  the  conditioning  responses, 
at  higher  levels.  The  conditioning  variables  and  their  levels  examined,  are  presented  in 
Table  7.1 .  The  impeller  blade  width  was  discarded  since  it  was  found  to  have  no  eflfect  on 
either  the  conditioning  or  the  flotation  responses.  The  conditioning  tests  were  conducted 
according  to  a  three  variable-five  level,  rotatable  central  composite  design. 
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Nature  of  conditioning  responses 

The  impeller  power  measured  at  the  end  of  conditioning  for  both  the  feeds  are 
provided  as  a  function  of  the  conditioning  variables  in  Table  7. 1 .  It  can  be  seen  that  feed 
A  draws  more  power  compared  to  feed  D,  under  the  same  conditions  of  solids  loading 
and  agitation  speed.  The  corresponding  conditioning  intensities  and  conditioning  energies 
for  the  two  feeds  are  shown  in  Tables  7.2  and  7.3  respectively.  Again,  it  is  to  be  noted 
that  under  similar  "hydrodynamic  conditions",  feed  A  is  conditioned  at  higher 
conditioning  intensities  than  feed  D.  The  corresponding  conditioning  energy  is  also 
higher  for  feed  A.  It  is  to  be  noted  that  although  the  conditioning  variables  were  adjusted 
so  as  to  attain  similar  hydrodynamic  and  kinetic  conditions  (same  Froude  numbers)  in  the 
conditioning  cell,  the  actual  hydrodynamic  conditions  for  two  different  feed  slurries  may 
still  be  different.  This  is  evident  in  the  different  Power  numbers  and  subsequently 
different  Reynolds  numbers  obtained  for  the  different  feeds.  Thus  the  higher  impeller 
power  drawn  by  feed  A  imder  similar  geometric  and  "hydrodynamic  conditions"  may  be 
attributed  to  the  differences  in  the  rheological  properties  of  the  two  feed  slurries.  Such 
difference  may  arise  out  of  variations  in  particle  characteristics  such  as  size,  size 
distribution,  morphology,  porosity  etc. 
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Table  7.1 :  Impeller  power  of  phosphate  feeds  as  a  function  of  conditioning  variables 


Trial 
No. 

Solids 
loading 
wt% 

Conditioning 
time 
sec 

Agitation 
speed 
rpm 

Impeller  power,  W 
Feed  A          Feed  D 

1 

72.2 

210 

400 

3.4 

2.5 

2 

75.8 

210 

400 

11.7 

6.4 

3 

72.2 

450 

400 

5.5 

4.2 

4 

75.8 

450 

400 

10.1 

4.9 

5 

72.2 

210 

500 

5.1 

5.7 

6 

75.8 

210 

500 

14. 

6.4 

7 

72.2 

450 

500 

7.6 

5.9 

8 

75.8 

450 

500 

15.7 

6.7 

9 

71 

330 

450 

4.2 

3.9 

10 

77 

330 

450 

5.4 

6.8 

11 

74 

128 

450 

6.4 

4.2 

12 

74 

532 

450 

4.2 

5.1 

13 

74 

330 

366 

4.2 

3.0 

14 

74 

330 

534 

8.9 

7.2 

15 

74 

330 

450 

5.0 

5.2 

16 

74 

330 

450 

4.8 

5.4 

17 

74 

330 

450 

4.8 

5.4 

18 

74 

330 

450 

4.8 

5.0 

1 


182 


Table  7.2  Conditioning  intensities  of  phosphate  feeds 


Trial 
No 

Solids 

InaHiTiO' 

wt% 

Conditioning 
timp 

sec 

Agitation 
sneed 
rpm 

Conditioning  intensity 
Feed  A          Feed  D 

1 

72.2 

210 

A  AA 

4U0 

4.4 

3.2 

2 

O 

75.8 

210 

400 

16.5 

9.0 

3 

72.2 

A  CA 

450 

Af\f\ 

400 

7.1 

5.4 

4 

75.8 

450 

Ann 
4UU 

14.2 

6.9 

5 

72.2 

inn 

6.6 

7.3 

6 

75.8 

T 1  A 
210 

znn 

20.5 

9.0 

7 

72.2 

450 

CAA 

500 

9.8 

7.6 

8 

75.8 

450 

CAA 

500 

22.1 

9.4 

9 

71 

330 

450 

5.2 

4.9 

10 

77 

330 

450 

7.8 

9.8 

11 

74 

128 

450 

8.6 

5.6 

12 

74 

532 

450 

5.6 

6.9 

13 

74 

330 

366 

5.6 

4.0 

14 

74 

330 

534 

12.0 

9.7 

15 

74 

330 

450 

6.7 

7.0 

16 

74 

330 

450 

6.5 

7.3 

17 

74 

330 

450 

6.5 

7.3 

18 

74 

330 

450 

6.5 

6.7 
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Table  7.3:  Conditioning  energy  required  for  phosphate  feeds 


L  nai 
No. 

oonus 
loading 
wt% 

L^onuiiioning 
time 
sec 

Agitaiion 
speed 
rpm 

Conditioning  energy 
kW  hi/m' 

Feed  A          Feed  D 

1 

72.2 

210 

400 

0.26 

0.19 

2 

75.8 

210 

400 

0.96 

0.52 

3 

72.2 

450 

400 

0.88 

0.68 

4 

75.8 

450 

400 

1.77 

0.86 

5 

72.2 

210 

500 

0.38 

0.43 

6 

75.8 

210 

500 

1.20 

0.52 

7 

72.2 

450 

500 

1.22 

0.85 

8 

75.8 

450 

500 

2.76 

1.18 

9 

71 

330 

450 

0.48 

0.45 

10 

77 

330 

450 

0.72 

0.90 

11 

74 

128 

450 

0.31 

0.20 

12 

74 

532 

450 

0.83 

1.01 

13 

74 

330 

366 

0.52 

0.37 

14 

74 

330 

534 

1.10 

0.89 

15 

74 

330 

450 

0.62 

0.64 

16 

74 

330 

450 

0.59 

0.67 

17 

74 

330 

450 

0.59 

0.67 

18 

74 

330 

450 

0.59 

0.62 
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Table  7.4:  Phosphate  flotation  recovery  of  feeds 


inai  ino. 

oOllUS 

loading 
wt% 

v^onuiiioning 
time 
sec 

rVgllallOIl 

Speed 
rpm 

Phosphate  flotation 
recovery,  wt% 

Feed  A          Feed  D 

1 

72.2 

210 

400 

89.9 

78.5 

2 

75.8 

210 

400 

74.9 

72.4 

3 

72.2 

450 

400 

88.6 

78.5 

4 

75.8 

450 

400 

71.8 

80.8 

5 

72.2 

210 

500 

90.5 

82.0 

6 

75.8 

210 

500 

60.9 

77.7 

7 

72.2 

450 

500 

87.8 

77.5 

8 

75.8 

450 

500 

54.4 

76.2 

9 

71 

330 

450 

89.4 

81.0 

10 

77 

330 

450 

41.3 

70.0 

11 

74 

128 

450 

89.3 

74.2 

12 

74 

532 

450 

84.6 

77.5 

13 

74 

330 

366 

88.2 

80.4 

14 

74 

330 

534 

80.7 

74.4 

15 

74 

330 

450 

87.8 

73.6 

16 

74 

330 

450 

88.3 

76.7 

17 

74 

330 

450 

88.0 

74.0 

18 

74 

330 

450 

88.6 

75.8 
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Flotation  response  of  phosphate  feeds 

The  phosphate  flotation  recovery  of  the  feeds  A  and  D  are  shown  in  Table  7.4  as  a 
function  of  the  conditioning  variables.  The  flotation  recovery  was  statistically  modeled  as 
a  fimction  of  the  conditioning  variables.  A  three  variable  second  order  model  of  the  form 
given  below  was  used  to  obtain  the  response  surface: 

R  —  a^)  "I"  ajX]  "I"  ^2^2    ^3^3 ^u'^i" 322X2*^    333X3^  "t"  312X5X2  "t"  a]3XiX3  "i"  323X2X3 

where 

R  =  phosphate  flotation  recovery 
X,  =  solids  loading  in  wt% 
X2  =  conditioning  time  in  sec 
X3  =  agitation  speed  in  rpm 

The  coefficients  a,,  a^i,  and  ajj  were  determined  using  the  method  of  least  squares.  Error 
analysis  of  the  data  indicated  that  the  predicted  model  had  a  good  fit  to  the  experimental 
data.  The  coefficients  of  the  models  are  provided  in  Table  7.5  for  the  two  feeds.  Table  7.6 
shows  the  experimental  and  predicted  values  of  phosphate  flotation  recovery  for  the  two 
feeds.  It  can  be  seen  that  there  is  a  close  agreement  between  the  experimental  and 
predicted  data.  As  described  in  Chapter  4,  the  plot  of  the  polynomial  equation  would 
require  four  dimensions.  A  simpler  way  is  to  generate  a  set  of  plots  by  fixing  one  of  the 
variables.  Such  a  plot  for  feed  A  in  which  the  solids  loading  during  conditioning  is  fixed, 
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Table  7.5:  Coefficients  of  statistical  model  for  phosphate  flotation  recovery 


Coefficients 

Feed  A 

FeedD 

ao 

-13265.75 

1858.309 

ai 

355.1602 

-44.58742 

32 

0.2968687 

-0.4010854 

as 

1.976716 

-0.1122568 

a,! 

-2.362594 

-0.2940589 

9.296486E-06 

7.502281E-05 

a33 

-1.352077E-04 

6.36179E-04 

aj2 

-3.678501E-03 

6.638482E-03 

ai3 

-2.550493E-02 

-5.018518E-03 

-9.758 199E-05 

-2.998745E-04 
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Table  7.6:  Experimental  and  predicted  values  of  phosphate  flotation  recovery  of  feeds 


Feed  A  Feed  D 


inai  ■ 
No. 

Experimental 

Predicted 

Experimental 

Predicted 

1 

89.9 

92.0 

78.5 

78.5 

2 

74.9 

72.3 

72.4 

72.4 

3 

88.6 

91.6 

78.5 

80.3 

4 

71.8 

68.7 

80.8 

80.0 

5 

90.5 

91.3 

82.0 

82.0 

6 

60.9 

62.4 

77.7 

74.1 

7 

87.8 

88.5 

77.5 

76.6 

8 

54.4 

56.5 

76.2 

74.5 

9 

89.4 

86.1 

81.0 

79.7 

10 

41.3 

42.9 

70.0 

72.9 

11 

89.3 

88.8 

74.2 

76.0 

12 

84.6 

83.5 

77.5 

77.7 

13 

88.2 

90.3 

80.4 

79.0 

14 

80.7 

79.4 

74.4 

77.3 

15 

87.8 

85.8 

73.6 

73.7 

16 

88.3 

85.8 

76.7 

73.7 

17 

88.0 

85.8 

74.0 

73.7 

18 

88.6 

85.8 

75.8 

73.7 
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is  shown  in  Figure  7.1  in  which  the  conditioning  time  has  been  fixed  at  128  seconds.  The 
figure  shows  only  the  experimental  regime  of  the  response  surface  the  mathematical 
center  of  the  response  surface  is  located  away  from  the  center  of  the  design.  The  co- 
ordinates of  the  mathematical  centers  of  the  response  surfaces,  in  these  cases  lie  in  a 
region  which  makes  no  physical  sense  (for  example  negative  solids  loading)  and  hence 
their  further  discussion  is  not  warranted  here. 
Response  surface  of  feed  A 

The  response  surface  for  feed  A  was  concave  downwards  at  all  conditioning 
times(see  Figures  7.1  -  7.3),  indicating  that  the  optimum  phosphate  recovery  (local 
maxima  of  the  surface)  occurred  in  the  experimental  regime.  The  solids  loading  during 
conditioning  appeared  to  be  the  single  most  important  variable  that  affected  the 
phosphate  flotation  recovery  of  feed  A,  as  seen  from  the  figures.  This  is  also  evident 
from  Table  7.6,  in  which  the  coefficients  involving  the  solids  loading  (variable  x,)  have 
the  largest  values,  for  the  main  effect  as  well  as  the  second  order  interactions.  At  shorter 
conditioning  time,  phosphate  recovery  was  found  to  be  higher  at  lower  solids  loading.  An 
optimimi  was  observed  at  around  74  wt%  solids  loading.  The  agitation  speed  did  not 
appear  to  have  a  significant  effect  at  low  to  moderate  solids  loadings,  as  indicated  by  the 
straight  lines  parallel  to  the  y  axis  on  the  response  surface  in  Figure  7. 1 .  As  the 
conditioning  time  was  increased,  the  phosphate  recovery  was  foimd  to  decrease  at  higher 
solids  loading  and  agitation  speeds,  as  shown  in  Figures  7.2  and  7.3.  Generally,  for  feed 
A,  the  optimum  phosphate  recovery  was  observed  at  a  solids  loading  of  about  74  wt%. 


Figure  7. 1 :  Response  surface  representing  phosphate  flotation  recovery  of  feed  A  at  a 
conditioning  time  of  128  seconds 


Conditioning  time  =  330  sec 


Figure  7.2:  Response  surface  representing  phosphate  flotation  recovery  of  feed  A  at  a 
conditioning  time  of  330  seconds 


Conditioning  time  =  532  sec 


Figure  7.3:  Phosphate  flotation  recovery  of  feed  A  as  a  function  of  hydrodynamic 
variables  at  a  conditioning  time  of  532  seconds 
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Higher  agitation  speeds  and  longer  conditioning  time  were  generally  found  to  reduce  the 
phosphate  flotation  recovery.  At  a  solids  loading  of  74  wt%,  the  effect  of  conditioning 
time  as  well  as  the  agitation  speed  on  the  phosphate  flotation  recovery  were  found  to  be 
minimal.  The  interactive  effects  of  the  conditioning  variables  became  significant  at  solids 
loading  higher  than  74  wt%. 
Response  surface  of  feed  D 

The  response  surface  representing  the  phosphate  flotation  recovery  of  feed  D  is 
plotted  as  a  function  of  the  solids  loading  and  the  agitation  speed  at  conditioning  times 
ranging  from  128  to  532  seconds  (see  Figures  7.4-7.6).  The  interaction  of  the  variables  is 
clear  from  the  figiires.  The  phosphate  flotation  recovery  for  feed  B,  in  contrast  to  that  of 
feed  A,  shows  a  minimum  in  the  same  experimental  regime.  Higher  flotation  recovery  of 
phosphate  is  obtained  at  the  boundary  of  the  experimental  regimes.  This  corresponds  to 
extremes  of  solids  loading  and/or  agitation  speeds.  At  shorter  conditioning  time  (Figure 
7.4),  the  phosphate  recovery  is  generally  higher  at  lower  agitation  speeds  and  higher 
solids  loading.  It  can  be  seen  from  Figure  7.4  that  at  77  wt%  solids,  phosphate  recovery 
was  the  highest  when  the  agitation  speed  was  about  366  rpm.  The  response  surfaces 
representing  phosphate  recovery  at  a  conditioning  time  of  330  seconds  is  shown  in  Figure 
7.2.  The  phosphate  recovery  at  lower  agitation  speeds  and  high  solids  loading  is  lower 
compared  to  that  achieved  with  a  conditioning  time  of  128  seconds.  However,  the  longer 
conditioning  time  appears  to  be  beneficial  when  conditioned  at  lower  solids  loading, 
recovery.  Two  regions  of  high  recovery  were  identified;  the  maximum  recovery  at  an 


Conditioning  time  =128  sec 


Figure  7.4:  Phosphate  recovery  of  feed  D  as  a  function  of  conditioning  variables  at  a 
conditioning  time  of  2  minutes 
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Conditioning  time  =  330  sec 


Figure  7.5:  Response  surface  representing  phosphate  recovery  of  feed  D  at  a  conditioning 
time  of  5.5  minutes 


Figure  7.6:  Response  surface  representing  phosphate  recovery  of  feed  D  at  a  conditioning 
time  of  9  minutes 
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agitation  speed  of  534  rpm  and  a  solids  loading  of  71  wt%  was  found  to  be  at  a 
conditioning  time  of  2  minutes,  while  the  maximum  recovery  obtained  at  a  solids  loading 
of  77  wt%  and  an  agitation  speed  of  366  rpm  required  a  conditioning  time  of  about  9 
minutes  (532  seconds). 
Iso-contour  surfaces 

In  order  to  visualize  the  effect  of  conditioning  variables  on  the  flotation 
performance,  iso  contour  surfaces  were  plotted  from  the  set  of  response  surfaces 
describing  phosphate  flotation  recovery.  The  iso  contour  surfaces  for  the  two  feeds  appear 
quite  different  and  are  illustrated  in  Figures  7.7  and  7.10  for  feeds  A  and  D  respectively. 
The  shape  of  the  surfaces  are  typical  of  quadratic  surfaces  with  some  degree  of  skew 
associated  with  them. 
Feed  A 

The  iso  contour  surfaces  for  representing  various  levels  of  phosphate  recovery  of 
feed  A,  shown  in  figure  7.7,  are  skewed  hyperboloids  of  revolution.  The  stirfaces  which 
form  a  spectrum,  are  concave  outward  and  are  elongated  along  the  axis  that  represents  the 
solids  loading  during  conditioning.  The  surface  representing  the  higher  recovery  levels 
lies  inward  while  those  denoting  the  lower  recovery  levels  lie  towards  the  outer  side  of 
the  spectrum.  The  iso  contour  surfaces  representing  phosphate  flotation  recovery  from  70 
to  90  wt%  are  shown  in  the  Figure  at  intervals  of  5  wt%  for  the  sake  of  clarity.  It  can  be 
seen  from  Figure  7.7  that  the  red  colored  plane,  representing  a  phosphate  flotation 
recovery  of  90  wt%  lies  in  a  small  region  centered  around  approximately  73  wt%  solids 
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Figure  7.7:  Iso  contour  surfaces  representing  combinations  of  conditioning  variables 
required  for  different  levels  of  phosphate  recovery  for  feed  A 
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Figure  7.8:  Iso  contour  lines  showing  combinations  of  agitation  conditions  required  for 
different  phosphate  recovery  levels  at  a  conditioning  time  of  2  minutes  for  feed  A. 
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Figure  7.9:  Iso  contour  lines  showing  combinations  of  agitation  conditions  required  for 
different  phosphate  recovery  levels  at  a  conditioning  time  of  9  minutes  for  feed  A. 
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Figure  7.10:Iso  contour  surfaces  representing  combinations  of  conditioning  variables 
required  for  different  levels  of  phosphate  recovery  for  feed  D 
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loading.  Phosphate  recoveries  of  85,  80,  75  and  70  wt%  are  shown  in  different  colors  and 
occur  successively  toward  the  outer  side  of  the  spectrum.  It  should  be  remembered  that 
the  iso  contour  surface  is  the  loci  of  all  combinations  of  conditioning  variable  levels 
which  would  give  the  same  recovery.  In  order  to  visualize  the  optimum  conditions  of 
phosphate  recovery,  the  iso  contour  surfaces  was  viewed  at  fixed  values  of  conditioning 
time.  In  other  words,  slices  of  the  iso  contour  surfaces  were  made  perpendicular  to  the 
axis  representing  the  conditioning  time.  The  result  was  iso  contour  lines  at  fixed  values  of 
conditioning  time  representing  different  levels  of  phosphate  recovery.  Such  iso  contour 
lines  are  shown  in  Figures  7.8  and  7.9  for  conditioning  times  of  2  and  9  minutes 
respectively.  It  can  be  seen  that  the  highest  recovery  is  obtained  when  conditioned  at  a 
solids  loading  of  73  wt%  for  feed  A.  When  conditioned  at  73  wt%,  there  appeared  to  be  a 
wide  window  of  agitation  speeds  (denoted  by  the  red  and  orange  colored  regions)  which 
gave  the  optimum  recovery.  The  window  was  found  to  exist  at  conditioning  times 
ranging  from  2  to  5.5  minutes,  however,  it  progressively  became  smaller  towards  9 
minute  conditioning  time. 
FeedD 

The  iso  contour  surfaces  for  feed  D  were  shaped  more  like  ellipsoids  of 
revolution,  again  with  some  degree  of  skew  associated  with  it.  The  iso  contour  surfaces 
representing  different  levels  of  phosphate  recovery  for  feed  D  formed  a  spectrum  of 
surfaces  which  were  concave  inwards,  as  shown  in  Figure  7.10.  For  feed  D,  the  surfaces 
representing  higher  levels  of  phosphate  flotation  recovery  lied  towards  the  outer  part  of 
the  spectrum.  Thus,  the  surface  denoting  a  phosphate  flotation  recovery  level  of  90  wt% 
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was  the  outer  most  of  the  surfaces  shown  in  Figure  7.10  (blue  colored  surface).  It  is 
interesting  to  note  that  in  the  experimental  regime,  the  highest  recovery  occurred  at  two 
regions;  one  at  high  solids  loading  and  low  agitation  speed  and  the  other  at  low  solids 
loading  and  high  agitation  speed. 

The  first  region,  which  is  at  a  solids  loading  of  71  wt%  and  agitation  speeds  of 
higher  than  450  rpm,  conditioning  time  longer  than  5.5  minutes  is  required  to  obtain  a 
recovery  of  90  wt%  or  higher.  However,  in  the  second  region  high  recovery  is  obtained 
by  intense  conditioning  at  a  solids  loadmg  of  77  wt%  and  agitation  speed  lower  than  450 
rpm  for  less  than  5.5  minutes. 

In  summary,  the  statistical  models  of  phosphate  recovery  for  the  feeds  A  and  D 
indicated  that  the  optimal  conditions  for  flotation  occurred  when  conditioned  at  73  and  71 
wt%  respectively  for  2  minutes.  In  order  to  validate  the  predictions  from  the  statistical 
models,  conditioning  and  flotation  tests  were  conducted  under  these  optimum  conditions 
and  the  results  are  shown  in  Table  7.7.  It  can  be  seen  that  the  flotation  recoveries  are 
between  92  -  95  wt%  for  feed  A  and  approximately  83  -  85  wt%  for  feed.  The  differences 
in  the  maximum  flotation  highlights  the  differences  in  the  flotation  behavior  of  the  feeds. 
However,  it  is  interesting  to  note  that  the  rheological  approach  to  determination  of 
optimal  conditioning  for  flotation  predicts  the  optimum  conditions  regardless  of  the 
differences  in  the  flotabilities  of  the  phosphate  feeds. 


Table  7.7:  Flotation  recoveries  of  feeds  A  and  D  under  optimal  conditioning 


Feed      Solids      Agitation      Conditioning     Phosphate  Concentrate 


loading 
wt% 

speed  rpm 

time,  sec 

recovery, 
wt% 

grade, 
wt%BPL 

A 

73 

350 

2 

93.2,  94.1 

67.8,  67.2 

A 

73 

400 

2 

92.8,  94.3 

68.1,67.0 

A 

73 

350 

5.5 

94.7,  93.9 

68.9,  68.7 

D 

71 

500 

2 

83.1,84.3 

61.3,60.5 

D 

77 

300 

9 

84.7,  83.6 

59.7,  60.9 

CHAPTER  8 
CONCLUSIONS  AND  FUTURE  WORK 


In  the  present  work  a  quantitative  method  for  prediction  and  control  of  the  mixing 
(anionic  conditioning)  process  in  phosphate  flotation  was  sought.  The  examination  of 
anionic  conditioning  trends  of  phosphate  feeds  revealed  differences  in  conditioning  and 
subsequent  flotation  behavior  which  could  not  be  explained  on  the  basis  of  the 
differences  in  feed  characteristics.  It  was  generally  observed  that  conventional  volume 
averaged  conditioning  parameters  such  as  conditioning  intensity  and  conditioning  energy 
could  be  correlated  with  the  flotation  recovery  of  phosphates,  however  the  correlation 
was  specific  to  the  feed  used.  For  example,  feeds  A  and  C  showed  an  increase  in 
phosphate  recovery  at  conditioning  intensities  higher  than  3.7  kW/m\  while  the 
concentrate  grades  were  higher  at  conditioning  energies  higher  than  0.4  kWhr/m^  On  the 
other  hand,  feed  D  showed  a  decrease  in  phosphate  recovery  with  an  increase  in  the 
conditioning  intensity  over  3.7  kW/m^  and  feed  B  seemed  to  be  unaffected  in  the  range 
of  intensities  investigated. 

Reagent  adsorption  on  a  control  feed,  E,  revealed  the  kinetics  of  reagent 
adsorption  to  be  dependent  only  on  the  kinetic  variables  examined  (collector  dosage  and 
conditioning  time)  on  a  lab  scale  in  which  the  solid  to  liquid  ratio  (1-5  wt%)  and  the 
energy  input  was  very  low.  It  was  thus  shown  that  the  lab  scale  adsorption  simulates  at 
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best,  the  surface  chemical  characteristics  of  the  process  and  is  a  poor  representation  of 
the  hydrodynamics  of  the  reagent  adsorption  in  industrial  scale  conditioning  processes. 
On  a  bench  scale,  (high  solids  loading  and  energy  input)  the  hydrodynamic  variables  that 
influence  mixing  were  found  to  significantly  affect  the  kinetics  of  reagent  adsorption 
onto  the  phosphate  particles.  The  reagent  -  particle  mixing  was  characterized  by  the 
amount  of  shear  undergone  by  the  system  (G*t).  It  was  found  under  fixed  geometrical 
conditions  that  optimum  reagent  adsorption  could  be  obtained  by  optimizing  the  quantity 
G*t.  Reagent  adsorption  was  correlated  with  the  phosphate  flotation  recovery  using  G*t. 
It  was  demonstrated  that  the  optimum  conditions  for  flotation  recovery  of  phosphates 
independent  of  the  feed  used  provided  that  the  geometry  of  the  agitation  system  was 
imchanged.  On  the  basis  of  this  observation,  it  was  shown  that  it  is  possible  to  predict  the 
conditions  required  for  optimum  reagent  adsorption  and  subsequently  optimum  flotation 
recovery  of  any  phosphate  feed. 

The  determination  of  the  root  mean  square  velocity  gradient  G,  required  the 
estimation  of  the  slurry  viscosity  during  conditionig.  The  in-situ  determination  of  slurry 
viscosity  was  done  using  a  well  known  dimensionless  technique.  The  slurry  viscosities 
were  found  to  be  independent  of  the  agitation  speeds  (shear  rates)  examined  in  this  study. 
It  was  also  observed  that  the  slurry  viscosity  was  dependent  only  on  the  solids  loading 
and  the  type  of  feed.  For  a  given  feed,  a  knowledge  of  the  optimum  conditions  of  mixing 
(G*t  ~  1000-1200)  was  used  to  predict  the  optimum  solids  loading  required  for  the  best 
conditioning  performance. 
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It  was  shown  that  knowledge  of  the  slurry  rheology  could  be  used  to  predict  the 
reagent  adsorption  onto  phosphates  and  their  subsequent  flotation,  for  a  given  geometry 
of  the  conditioning  and  flotation  equipments.  The  optimum  slurry  viscosity  that  gave 
optimal  reagent  mixing  upon  conditioning  was  found  to  be  in  the  between  900  -  1 200  cps 
at  conditioning  times  short  enough  to  prevent  any  attritioning  of  phosphate  particles  (2 
minutes).  Statistical  design  of  conditioning  experiments  and  modeling  of  phosphate 
flotation  recovery  showed  that  the  experimental  results  of  optimum  conditions  agreed 
very  well  with  the  predicted  values.  Depending  on  the  flow  characteristics  of  the  feed, 
the  solids  loading  for  optimal  conditioning  was  found  to  be  74  wt%  for  feed  A  and  71 
wt%  for  feed  D. 

The  correlation  of  the  phosphate  flotation  recovery  with  the  amount  of  shear 
undergone  by  the  system  upon  conditioning  is  a  useful  observation.  The  validation  of 
such  a  correlation  on  a  bench  scale,  which  is  a  closer  simulation  of  the  industrial  scale 
conditioning  process  as  compared  to  lab  scale  processes,  indicates  the  usefulness  of  this 
concept  for  scale  up  problems.  Testing  the  concept  of  rheological  description  of  the 
conditioning  process  on  a  pilot  scale  and  eventually  on  industrial  scale  is  suggested  as 
future  work.  Problems  related  to  scale-up  are  not  expected  due  to  the  use  of  parameters 
which  are  measurable  on  large  scales.  Methods  of  on-line  viscosity  measurement  should 
be  evaluated  when  considering  transition  from  batch  to  continuous  processes. 

An  evaluation  of  the  relation  between  the  conditioning  parameters  and  flotation 
responses  of  other  mineral  systems  of  industrial  interest  on  similar  lines  would  prove  to 
be  useful.  However,  such  investigations  would  not  be  complete  without  a  detailed 
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examination  on  the  effect  of  shear  history  on  the  mechanism  of  mass  transfer  in  the 
system.  The  present  study  focussed  on  the  description  of  reagent  adsorption  on  the  basis 
of  an  average  shear  rate  representing  the  total  shear  in  the  system.  It  would  be  interesting 
to  look  at  the  velocity  profiles  in  the  entire  agitation  system  in  order  to  clearly  understand 
the  variation  of  local  mass  transfer  rates.  The  conditioning  variables  were  shown  to 
influence  the  mass  transport  in  the  solid  -  liquid  system  and  an  optimum  condition  was 
observed.  The  decrease  in  adsorption  and  hence  mass  transport  at  extremely  high  values 
of  G*t  needs  detailed  investigation.  Fluorescent  dyes  could  be  used  to  monitor  the 
distribution  of  the  collector  or  an  oil  phase  as  a  function  of  the  mixing  variables. 

Determination  of  the  viscosity  of  the  slurries  was  achieved  using  an  indirect 
method  of  dimensionless  analysis  involving  impeller  characteristics  of  the  mixing  vessel. 
Such  measurements  need  to  be  validated  at  the  conditions  used  for  mixing,  using 
viscometers  capable  of  measuring  viscosity  of  settling  systems  at  high  shear  rates.  Also, 
for  the  purpose  of  generality,  it  is  essential  that  a  description  of  the  agitation  conditions 
be  available  in  terms  of  the  shear  rates.  It  was  demonstrated  that  the  rheology  of  the 
slurry  is  a  prime  variable  that  determines  the  mixing  conditions  during  conditioning  and 
subsequent  flotation  recovery  of  phosphate.  The  feed  dependence  of  the  slurry  viscosity 
could  explain  the  industrially  observed  feed  dependence  of  conditioning  and  flotation 
operations.  The  quantification  of  slurry  viscosity  in  terms  of  the  feed  characteristics 
would  be  an  extremely  helpful  tool  in  process  control  techniques. 
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